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MECHANOCHEMICAL SYNTHESIS OF
CaO·ZnO.K2CO3 CATALYST:
CHARACTERIZATION AND ACTIVITY FOR
METHANOLYSIS OF SUNFLOWER OIL
Article Highlights
• Ball milling of CaO, ZnO and water with/without addition of K2CO3
• Sample characterization using different analytical methods
• Activity of CaO·ZnO catalyst with different amounts of K2CO3 for biodiesel synthesis
• Comparison of catalyst activity at moderate temperature
Abstract

The goal of this study was to prepare a CaO·ZnO catalyst containing a small
amount of K2CO3 and analyze its activity for biodiesel synthesis. The catalyst
was prepared using the following procedure: CaO and ZnO (mole ratio of 1:2),
water and K2CO3 (in various amounts) were mechanochemically treated and
after milling heated at 700 °C in air atmosphere for obtaining mixed
CaO·ZnO/xK2CO3 oxides (x = 0, 1, 2 and 4 mol of K2CO3 per 10 mol of CaO).
All the samples were characterized by X-ray diffraction (XRD), inductively
coupled plasma (ICP), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), infrared spectroscopy (FTIR), scanning electron microscopy/energy-dispersive spectroscopy (SEM/EDS), particle size laser diffraction (PSLD) distribution, solubility measurement of Ca, Zn and K ions in methanol as well as by determination of their alkalinity (Hammett indicator method).
Prepared CaO·ZnO/xK2CO3 composite powders were tested as catalysts for
methanolysis of sunflower oil at 70 °C using mole ratio of sunflower oil to
methanol of 1:10 and with 2 mass% of catalyst based on oil weight. The presence of K2CO3 in prepared samples was found to increase the activity of catalyst, and that such effect is caused by homogeneous–heterogeneous catalysis
of biodiesel synthesis.
Keywords: mechanochemical synthesis; CaO; ZnO; K2CO3; mixed
oxides; biodiesel synthesis.

Biodiesel or mixture of fatty acid methyl or ethyl
esters is an ideal environmentally friendly substitute
for conventional diesel oil usually obtained from crude
oil or fossil fuels. It is safe, non-toxic, biodegradable,
and contains usually less than 10 ppm of sulfur-based
organic compounds [1].
Transesterification reaction of triglycerides or
vegetable oil with methanol or ethanol occurs in the
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presence of acid or basic catalysts. Among the available biodiesel production methods, homogeneous
base-catalyzed transesterification is the most commonly applied processing technique [2]. However,
depending on the characteristics of raw material it
suffers from several drawbacks, such as formation of
soaps as undesirable byproducts and generation of
large amount of wastewater during separation of the
catalyst from the derived products [3].
The main advantages of heterogeneous catalysts application compared to homogeneous are easy
separation and further reuse of solid catalyst. Various
heterogeneous catalysts, such as alkali earth oxides,
hydrotalcites, alkali-doped oxides and mixed metal
oxides have been investigated for biodiesel synthesis
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[4]. One of the most widely used catalyst is CaO,
owing to its availability, low cost, and high catalytic
activity [5,6]. Also, mixed oxide catalysts with CaO as
active component are frequently used for transesterification reaction [7-9]. The CaO·ZnO mixed oxides
with CaO:ZnO mole ratio of 1:2 has been found to be
also active catalysts for methanolysis of sunflower oil
[8,9].
In order to increase catalytic activity of CaO, the
effect of addition of low amounts of promoter (alkali
metal salts like LiNO3) during preparation of CaO
catalyst was studied as well [10,11]. MacLeod et al.
[11] have prepared a series of alkali-doped metal
oxide catalyst and showed that increased base
strength of CaO is responsible for better catalytic
activity. However, undesired metal leaching from prepared catalysts, mainly leaching of promoters, was
also detected.
Calcium and magnesium oxides can be used
not only as precursors but also as catalyst support in
transesterification reactions; e.g., KF/MgO–CaO was
an effective catalyst for transesterification of soybean
oil with methanol [12].
Many research studies have focused on analyzing K2CO3 catalyst activity for methanolysis of vegetable oil [13-18]. The obtained data showed that
90% of oil conversion could be achieved for less than
2 h at moderate temperature. As mentioned above,
the main problem is relatively high solubility of potassium carbonate in methanol; it was determined that
about 55% of K2CO3 could be dissolved after 5 h of
methanolysis [13].
For this reason, potassium carbonate is usually
used as promoter to modify the base properties of
alumina, alumina/silica, cinder or hydrotalcite as support [14-17]. However, activity of catalyst containing
potassium carbonate is mainly the result of potassium
leaching into methanol [16]. It has been shown that
hydrotalcite loaded with K2CO3 could be reused five
times, yielding more than 92% of biodiesel from vegetable oil [17]. On the other hand, rather large amount
of catalyst must be used to reach desired conversion
of vegetable oil [16]. Salts of other alkali metals (Li
and Na) were also investigated as promoters of CaO,
BaO, and MgO used as catalysts for transesterification of canola oil. All of these modifications had a
goal of suppressing undesirable leaching of potassium [18]. According to recently reported data, Na2CO3
added to CaO–methanol–sunflower oil mixture could
suppress the leaching of Ca2+ and Na+ below 5 ppm
[19,20].
Preparation of different composites by mixing
solids without the addition of large amounts of liquid

2
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solvents is the basis of mechanochemical synthesis
[21]. Due to its relative simplicity, it is one of the prospective methods that could be used for the activation
and synthesis of a broad class of catalyst [22]. The
mixed
calcium-zinc
hydroxide
hydrate
(CaZn2(OH)6·2H2O) was prepared by mechanochemical synthesis starting from Ca(OH)2, ZnO, and H2O
and compared to classical procedure of its preparation based on coprecipitation procedure [8]. Activity
of CaO·ZnO catalyst obtained by subsequent calcinations at 700 °C for 3 h was tested for methanolysis of sunflower oil [8].
Recently, instead of Ca(OH)2 as a component of
mechanochemical synthesis of CaZn2(OH)6·2H2O,
CaO was used together with ZnO and H2O with a goal
to decrease the amount of calcium carbonate formed
during ball milling [23]. In an attempt to further
improve catalytic performance and to increase basicity of composite containing calcium and zinc oxide,
the addition of potassium carbonate (K2CO3) during
ball milling of CaO, ZnO and the required amount of
water was examined in this work. The goal of K2CO3
use together with CaO and ZnO was to promote the
mechanochemical synthesis of CaZn2(OH)6·2H2O and
to include potassium into the matrix or to impregnate
the formed mixed hydroxide of calcium and zinc. The
various initial mole ratio of K2CO3 to CaO (1:10, 2:10
and 4:10) was used for the preparation of
CaZn2(OH)6·2H2O/xK2CO3 (signed as CZKx; x = 1, 2
and 4) followed by calcinations at 700 °C (signed as
CZKx,700). The catalytic activity of CZKx,700 was tested
for sunflower oil methanolysis and biodiesel production.
EXPERIMENTAL
Catalyst preparation
Powder mixtures of CaO (obtained by calcination of lime originated from southern part of Serbia),
and ZnO (Kemika, Croatia), in the molar ratio of 1:2
with 6 g of water, (in excess of stoichiometrically
required amount of water), as well as addition of
K2CO3 (Fluka, Switzerland) were used as starting
materials for mechanochemical treatment. Mole ratios
of K2 CO 3 to CaO were 1:10, 2:10 and 4:10
(CaO·ZnO/xK2CO3 where x = 1, 2 and 4). Mechanochemical treatment was carried out in the planetary
ball mill Fritsch Pulverisette 5 in air atmosphere. Two
zirconia vials with volumes of 500 cm3 each charged
with 500 g zirconia ca. 10 mm diameter balls were
used as milling medium. The balls to powder mass
ratio was very close to 30. Mechanochemical treatment was done in two steps: the first hour with lower

.
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milling intensity (angular velocity of about 150 rpm)
and the next two hours with higher milling intensity
(angular velocity of about 250 rpm). Angular velocity
of supported (basic) disc was measured by tachometer. It should be pointed out that the process of
mechanochemical treatment of CaO, ZnO and K2CO3
with water proceeded throughout several distinct
steps. In the very beginning, the powder mixture uniformly covered the zirconium balls and vial wall. With
the progress of milling, a “sticky” paste (composed,
most likely, of CaO, ZnO, formed Ca(OH)2, CaCO3
and a minor amount of formed CaZn2(OH)6⋅2H2O)
was spread on the vial wall, whereas later on, the
powder mixture with higher amount of K2CO3, i.e.,
CaO·ZnO/xK2CO3 (x = 4) often transformed to spherical globules. In order to induce a mechanochemical
effect, globules were manually crushed, so that prolonged milling up to 3 h produced very fine powders.
Catalyst characterization
XRD was performed on a D/MAX-RB powder
X-ray diffractometer (Rigaku Corporation, Japan) at
room temperature. CuKα radiation (λ = 0.15418 nm),
with a step size of 0.02° in the range of 10−70° 2θ
was used for all samples. The peaks were identified
using the Powder Diffraction File (PDF) database
created by International Centre for Diffraction Data
(ICDD).
Elemental analysis of the powders was performed by inductively coupled plasma mass spectrometry using Thermo Scientific ICAP 6000 series instrument.
Thermogravimetric analysis (TGA/DTG) were
carried out on a SDT Q600 instrument in air atmosphere with flow rate of 100 ml min–1 at a 10 °C min–1
heating rate up from 25 to 800 °C.
Fourier-transform infrared (FTIR) spectra were
recorded using a BOMEM (Hartmann & Braun, Germany) spectrometer. Measurements were conducted
in wave number range of 4000−400 cm–1, with 4 cm–1
resolution.
The valence state and atomic concentration of
elements in the surface layers were determined using
XPS. Measurements were performed in a VC Escalab
II spectrometer using non-monochromatic MgKα radiation (hν = 1253.6 eV). The base pressure of instrument was 1×10−10 Torr. Electrostatic surface charging was observed in all investigated samples owing to
their poor electric conductivity. Therefore, C 1s with
the binding energy (BE) of 285.0 eV from carbon
contaminations was used as the reference level. The
binding energies reported here were measured within
±0.2 eV. XPS surface compositions were calculated

Chem. Ind. Chem. Eng. Q. 21 (1) 1−12 (2015)

from photoelectron peak areas of each element after
correcting for instrument parameters.
The morphology and elemental chemical analysis of powders obtained by ball milling followed by
calcination was studied by a scanning electron microscope (JEOL JSM-6610LV) and an energy dispersive X-ray spectrometer (EDS INCAEnergy 350 microanalyzer).
The particle size distribution was measured by
particle size laser diffraction (PSLD) on a Mastersizer
2000 (Malvern Instruments, UK), which covers the
particle size range of 0.02–2000 μm.
Hammett indicator experiments were conducted
to determine the basic strength of catalysts. The following Hammett indicators were used: phenolphthalein (H− = 9.3), thymolphthalein (H− = 10.0),
thymolviolet (H− = 11.0) and 4-nitroaniline (H− = 18.4).
Typically, 500 mg of the catalyst was mixed with 1 mL
of Hammett indicators solution that was diluted in 20
mL methanol. After 2 h of equilibration the color of the
catalyst was noted. The basic strength of the catalyst
was observed to be higher than the weakest indicator
that underwent the color change, and lower than the
strongest indicator that underwent no color change.
To measure the basicity of solid bases, the method of
Hammett indicator-benzene carboxylic acid (0.02 mol
L–1 anhydrous ethanol solution) titration was used.
The solubility of the catalyst in methanol at 60
°C was determined by measuring the Ca(II), K(I) and
Zn(II) concentration using a HITACHI Z-2000 polarized Zeeman atomic absorption spectrophotometer.
Methanolysis reaction
Refined edible sunflower oil (Dijamant, Serbia;
acid value of 0.202 mg NaOH g–1) and methanol
(99.5% purity, Fluka, Switzerland) were used. Transesterification was carried out in a 300 cm3 batch autoclave (Autoclave Engineers, USA) equipped with a
heater, temperature controller, and a mixer. The mole
ratio of sunflower oil to methanol was 1:10 with 2
mass% of catalyst based on oil weight, with the reaction conditions being 70 °C and 1 bar. The agitation
speed was 300 rpm. The reaction samples were
taken out from the reactor for given times, and after
filtration and separation of the residual methanol,
analyzed by gas chromatography (Varian 3400) with
a FID detector and MET-Biodiesel capillary GC
column (14 m×0.53 m, film thickness 0.16 μm). It
should be pointed out that for all methanolysis reactions “fresh” catalyst was used, i.e., calcination of
mechanochemically synthesized samples was done
immediately before experimental run in order to minimize reaction of CaO with ambient CO2.
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Leaching in methanol
When a heterogeneous catalyst is used there is
always a possibility of metals leaching, which might
contaminate the biodiesel and reduce the lifetime of
the catalyst. Therefore, to evaluate lixiviation, the following experimental procedure was employed. The
activated catalyst was placed in contact with methanol and kept under stirring conditions (300 rpm) at 70
°C for 4 h. After the reaction, the catalyst was removed
by filtration, and methanol was mixed with the necessary volume of sunflower oil, while being kept at 70
°C for 4 h. If catalysts were lixiviated, a different conversion would be observed due to a homogeneous
contribution of K(I) and Ca(II). Also, the catalyst treated
with methanol, without further washing, was used in
transesterification reaction between sunflower oil and
methanol under the same reaction conditions.
RESULTS AND DISCUSSION
Characteristic of synthesized CaO·ZnO/xK2CO3
samples
The XRD patterns of the ball-milled samples
with various initial molar K2CO3:CaO ratios (x = 0, 1, 2
and 4 mol of K2CO3 per 10 mol of CaO) are shown in
Figure 1.
Samples synthesized without or with addition of
K2CO3 reveals phases of calcium zinc hydroxide hydrate (CaZn2(OH)6·2H2O) (JCPDS 25-1449) and zinc
oxide (JCPDS 36-1451) (Figure 1, CZ – calcium zinc
hydroxide hydrate or CaZn2(OH)6·2H2O while CZKx is

Chem. Ind. Chem. Eng. Q. 21 (1) 1−12 (2015)

abbreviation for sample CaZn2(OH)6·2H2O/xK2CO3).
Ball milling of CaO and ZnO powders with addition of
2 mol of K2CO3 per 10 mol of CaO (Figure 1, CZK2 for
x = 2) resulted in the appearance of somewhat more
intense peaks of CaZn2(OH)6·2H2O and in weakening
of ZnO compared to the sample prepared with initial
molar ratio K2CO3/CaO = 1:10 (x = 1). It seems likely
that the presence of smaller amount of K2CO3 (x = 2),
favors the formation of calcium zinc hydroxide hydrate. As the K2CO3 content was increased (x = 4),
peaks assigned to CaZn2(OH)6·2H2O remarkably decreased (Figure 1, CZK4), showing that the presence of
larger amount of potassium carbonate negatively
affected formation of CaZn2(OH)6·2H2O. It should be
also noted, observing the data shown in Figure 1, that
potassium carbonate (JCPDS 49-1093) could not be
identified in all analyzed samples.
Results of XRD analysis of the samples after
calcination at 700 °C in air is presented in Figure 2.
Calcination leads to the formation of CaO
(JCPDS 82-1690) and ZnO phases with only small
amounts of Ca(OH)2 (JCPDS 04-0733), while K2CO3
or KOH (is possibly formed in reaction between
Ca(OH)2 and K2CO3) are undetectable. Obviously, the
XRD patterns of the mixed oxides prepared with addition of K2CO3 (CZKx,700) are quite similar to CaO/ZnO
mixed oxides (CZK0,700) suggesting that K2CO3 did not
have a significant effect on the phase formation
during heat treatment.
The thermogravimetric (TGA) profile of calcium
zinc hydroxide hydrate is usually characterized by
two-step decomposition (Figure 3).

Figure 1. XRD Patterns of the mechanochemically synthesized samples: a) CZK0; b) CZK1; c) CZK2 and d) CZK4.
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Figure 2. XRD Patterns of the samples obtained by mechanochemical treatment and subsequent calcination at 700 °C: a) CZK0,700;
b) CZK1,700; c) CZK2,700 and d) CZK4,700.

Figure 3. TGA curves of CZK0, CZK1, CZK2 and CZK4.

The first dominant step of weight loss could be
observed from 120 to 180 °C, which may be attributed
to the elimination of hydrate water and dehydration of
Zn(OH)2 to form ZnO, while second step occurred
between 350 and close to 400 °C, arising from dehydration of Ca(OH)2. In respect to the initial composition,
the first mass change of calcium zinc hydroxide hydrate should be approximately 23.3%, and the second
5.8% [9,24,25]. Three stages of CZKx decomposition
are observable in temperature ranges of 120–180 °C,
350–400 °C and 600–700 °C. Heating from 400 to 700
°C resulted in the decomposition of CaCO3, which
could be formed by the reaction of CaO with CO2 from

air. Pure K2CO3 decomposes at about 890 °C [15]. It
seems likely that formation of CaCO3 during mechanochemical synthesis hindered the complete formation of CaZn2(OH)6·2H2O, hence some amount of
ZnO was unconsumed. A total mass loss (Figure 3)
was slightly higher for the sample synthesized without
the addition of K2CO3 (CZK0) than those synthesized
with the addition of K2CO3 (x = 1, 2). The TGA profiles
of CZK0, CZK1, and CZK2 samples clearly show three
steps of thermal decomposition during heating from
25 to 800 °C. However, decomposition of Zn(OH)2
and crystal water was not observed for sample CZK4
(Figure 3) thus confirming results of XRD analysis
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the catalyst surface of the synthesized samples was
calculated in order to compare surface (XPS) and
bulk (ICP) composition (Table 1).
As it may be seen from Table 1, the surface
composition of catalysts significantly differs from their
bulk composition. For CZK0 sample Ca/Zn ratio increased after calcination, showing that CaO is more
presented at the surface than expected (Ca/Zn ratio is
0.47). Contrary to CZK0 calcination of CZK1 and CZK2
leads to a decrease of Ca/Zn ratio from initial vales
0.253 and 0.249 to 0.15 and 0.14, respectively.
The K/Ca ratio at surface of catalyst appears to
be much higher after mechanochemical treatment
compared with the ratio of used starting powders.
This can be perhaps explained as a consequence of
increased K2CO3 dispersion on the surface of catalysts compared to its bulk composition. After calcination at 700 °C, the K/Ca ratio is even higher for CZK1
and CZK2, whereas it decreased for CZK4 catalyst.
Evidently, calcination of CZK1 and CZK2 causes a
higher amount of K2CO3 on the surface of the catalyst
than in the bulk. That means that CZK1,700 and
CZK2,700 samples are mainly covered by K2CO3.
XPS analysis of carbon on the surface of the
catalysts indicates that beside K2CO3, some amount
of CaCO3 is also presented as a result of the reaction
of CaO with CO2 from air. Lopez Granados et al. [6]
have showed that the carbonation of CaO is very
rapid and that only couple of minutes is required to
extensively carbonate the sample. The XPS results
show that Ca appears on the surface as CaCO3 and
Ca(OH)2. Also, it seems likely that in the surface
layers of the samples of CZK1 and CZK2 the concentration of Ca was reduced during calcination. The
lower surface atomic concentration of Ca for CZK1,700
and CZK2,700 is consistent with Zn migration to the
surface as well as K2CO3 distribution on the surface
layer of catalysts. Since for the CZK4 sample formation of CaZn2(OH)6·2H2O did not occur during milling, the Ca/Zn ratio on the surface (0.33) is very

(Figure 1, curve d) that CaZn2(OH)6·2H2O was not
formed in a significant amount. The change in thermal
decomposition profile of synthesized samples of CZK4
may be attributed to the strong interaction of K2CO3
and H2O (dissolving) during ball milling, which suppresses the formation of corresponding mixed calcium zinc hydroxide. The main conclusion could be
derived that formation of potassium carbonate and
water paste did not enable conversion of CaO and
ZnO into corresponding CaZn2(OH)6·2H2O only in the
case of CZK4 synthesis. The indication that potassium
carbonate makes with water some kind of paste was
checked by changing the procedure of mechanochemical synthesis. Experiment was realized with K2CO3
(mole ratio of K2CO3 to CaO equal to 4:10) added
after 2 h of ball milling of CaO and ZnO powders and
water. Using such procedure of postponed addition of
K2CO3 into powder mixture did not change the mechanisms of mixed hydroxide formation.
The Ca, Zn, and K contents were determined by
ICP, and the obtained values match well with the
amounts of CaO, ZnO and K2CO3 used for mechanochemical synthesis. The results of ICP and TG analysis of bulk composition of the prepared samples are
summarized in Table 1.
Nominal mass ratio of Ca to Zn used for catalyst
preparation is 0.3 (mole ratio Ca/Zn = 1:2) while ICP
determined values of Ca/Zn mass ratios are 0.295,
0.331 for CZKx and 0.316 and 0.281 for CZKx,700. Very
good agreement between nominal and determined
weight ratio of K to Ca were obtained as well. They
were 0.163, 0.401 and 0.792 for either CZKx or
CZKx,700 samples, which is close to nominal values
0.2, 0.4 and 0.8 for the samples prepared using
K2CO3/CaO mole ratio equal to 1:10, 2:10 and 4:10,
respectively.
The surface characterization of powders before
and after calcination was examined by XPS. Instead
of the atomic percent that is usually used for representing XPS data, the weight percent of elements at

Table 1. The surface (XPS analysis) and the bulk (ICP and TGA analysis) composition of the synthesized samples
Sample

Surface composition, mass%

Bulk composition, mass%

Ca

Zn

K

O

C

Ca

Zn

K

O

C

CZK0

17.14

52.08

0.00

27.82

2.96

12.22

41.38

–

46.02

0.38

CZK0-700

22.03

46.87

0.00

28.16

2.94

16.56

56.08

–

27.36

–

CZK1

12.43

49.03

9.00

26.51

3.03

11.20

33.82

1.83

52.03

1.12

CZK1-700

7.92

52.67

12.59

23.65

3.18

15.20

45.89

2.48

36.05

0.38

CZK2

9.83

39.36

20.37

26.61

3.83

11.70

37.02

4.70

45.14

1.43

CZK2-700

7.04

49.92

15.69

23.53

3.82

15.41

48.77

6.19

28.68

0.95

CZK4

13.14

22.56

28.73

28.93

6.64

11.19

39.80

8.86

38.07

2.07

CZK4-700

12.19

36.85

19.00

27.04

4.93

12.64

44.97

10.01

30.85

1.53
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close to ICP or nominal values (0.28 and 0.3, respectively) after the calcination.
FTIR spectroscopy was employed to investigate
the functional groups of prepared samples obtained
after ball milling of CaO, ZnO, K2CO3 and H2O (Figure
4).Bands at 1541 and 1385 cm–1 were observed for all
catalyst samples prepared with addition of K2CO3 and
as such are attributed to carbonate species, whereas
the band at 1385 cm–1 indicates the presence of bulk
K2CO3 [26]. The fundamental bands of CaCO3 can be
detected by the peaks at 1465, 874 and 712 cm–1 and
the band at 2350 cm–1 from the vibrations of CO2. A
sharp absorption band at 1650 cm−1 is attributed to H–
OH bending while a broad band between 3000 and
3500 cm−1 is assigned to O-H stretching vibrations
[27]. Also, characteristic bands for CaZn2(OH)6·2H2O
were observed: two sharp bands at 3615 and 3505
cm–1 assigned to ν(OH) stretching vibrations, a band
which is characteristic of the O–H stretching vibration
of Ca(OH)2 at 3643 cm–1, and a bridging OH bending
mode visible at 940 cm–1. The bending vibration of Zn–
O–H can be noticed at 1070 cm–1 while the stretching
bands at 3150, 3034 and 2880 cm–1 are attributed to
the O–H groups from H2O molecules [28].
The morphology and surface structure of the
catalysts were analyzed by SEM and elemental composition by EDS. The SEM images of the samples
calcined at 700 °C shown in Figure 5 at two different
magnifications.
The CZK0,700 powder sample was in the homogeneous form of small spherical particles having
similar structure, but some large aggregates are also

Chem. Ind. Chem. Eng. Q. 21 (1) 1−12 (2015)

present (Figure 5b). The effect of K2CO3 addition on
the morphology of CaO.ZnO mixed oxides is most
obvious by comparing SEM images of the CZK0,700
(Figure 5b) to CZK1,700 powder (Figure 5d). It may be
seen that particles of CZK1,700 somewhat increase in
size, whereby their shape also slightly change. Also, it
can be seen that many particles stick together, perhaps as a result of initial sintering during heat treatment at 700 °C. The calcined CZK1, CZK2 and CZK4
show similar particle morphology, which is presented
by crystallites with irregular sizes and shapes (Figure
5c–h). Since all samples are considered as catalysts
with small surface area and low porosity [8], the size
of the particle should correspond to the surface area.
In addition to the XPS and ICP analysis, EDS
(several typical points as well as EDS element mapping) was applied to determine the average value of
atomic distribution of Ca, Zn, O and K for each catalyst. Detected Ca/Zn mass ratios for the samples
CZK0,700, CZK1,700, CZK2,700, and CZK4,700 are 0.236,
0.164, 0.162 and 0.313, respectively. The fairly homogeneous distribution of CaO and ZnO for CZK0,700
agrees to previous results obtained with Ca(OH)2 as
one of the starting reagent [8]. EDS analysis reveals
K/Ca mass ratio of 0.374, 0.665 and 0.563 for
samples CZK1,700 , CZK2,700, and CZK4,700, respectively.
As may be expected, these values are closer to the
result of ICP analysis (0.19, 0.39 and 0.73) than XPS
analysis (1.59, 2.23 and 1.56).
According to these results it might be concluded
that the difference between nominal and measured

Figure 4. FTIR spectra of: a) CZK0; b) CZK1; c) CZK2; d) CZK4.
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Figure 5. SEM Images of the samples after calcination at 700 °C: a,b) CZK0,700; c,d) CZK1,700; e,f) CZK2,700; g,h) CZK4,700.

(SEM/EDS) Ca/Zn mass ratio is higher in the case of
CZK1,700 and CZK2,700 samples than for CZK0,700 and
CZK4,700. The sample CZK4,700 has almost identical
Ca/Zn mass ratio determined by SEM/EDS (0.313) as
nominal or ICP determined value (0.3 and 0.281). The
EDS element mapping shows uniform distribution of
CaO and ZnO as well as K2CO3 for all CZKx,700
samples. Therefore, very fine and homogeneous microstructure of composite powders was obtained. EDS
element mapping of CZK4,700 sample indicated that
several clusters of CaO and K2CO3 are mainly separated from ZnO.

8

The results of particle size distributions of ball
milled sample as well as the samples after calcination
at 700 °C in air (CZK0 and CZK0,700) are relatively
uniform with a size range of 0.4–30 µm, while for the
samples CZKx (x = 1, 2 and 4) prepared with addition
of K2CO3 is bimodal. For samples containing K2CO3
the larger fraction of the powder particles is within the
size range of 8–100 µm with the rest being within the
range of 0.4–8 µm.
Bimodal distribution was detected for all catalyst
after calcination at 700 °C (CZKx,700; x = 0, 1, 2 and 4).
The first is within the size range of 1–3 µm and the

.
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Increased basicity of CZK2,700 and CZK4,700 compared
to CZK0,700 might be explained by the presence of a
larger amount of K2CO3, which possess, similar to
CaO, a strong basic character (Table 2). Moreover,
some authors have reported that the surface basicity
of the alkaline earth hydroxides could be increased by
milling [29], which means that detected basicity of
CZKx,700 samples could be even higher than expected
according to the composition and basicity of individual
constituents CaO, ZnO and K2CO3. Such phenomena
was not observed in this study taking into account
sample composition and basicity of individual components that are the main constituents of prepared
sample (Table 2, CaO, K2CO3 and CZK0,700).

second is in the range of 10–20 µm. It must be pointed
out that there is no difference between particles size
distribution for the samples synthesized without
addition of K2CO3 whether CaO or Ca(OH)2 is used as
a starting powder [8], so after calcination at 700 °C all
the samples have a similar bimodal distribution.
Calcination of the CZK1 and CZK2 at 700 °C
affects particle size distribution and specific surface
area. The specific surface areas of these samples
increased from 2.31 (CZK1) and 1.87 m2/g (CZK2) to
3.01 m2/g (for both CZK1,700 and CZK2,700), plausibly
as a consequence of CaZn2(OH)6·2H2O decomposition and formation of CaO·ZnO matrix “impregnated”
with an amount of K2CO3. At the same time, the specific surface area of CZK4 after calcination decreased
from 3.35 to 2.87 m2/g (CZK4,700) due to removal of
H2O and CO2 after decomposition of Ca(OH)2 and
CaCO3, respectively.
Table 2 summarizes the basic strength of the
samples prepared by ball milling and calcination.
All the synthesized CZKx,700 catalysts were able
to change the color of phenolphthalein (H− = 9.3)
from colorless to purple, but failed to change the color
of 4-nitroaniline (H− = 18.4). The order of basicity is
as follows: CZK1,700 <CZK0,700 < CZK2,700 < CZK4,700.

Activity of prepared CaO·ZnO with K2CO3 for
biodiesel synthesis
The results of activity test applying prepared
CZKx,700 samples with different K2CO3 to CaO molar
ratio, x, as catalyst are presented in Figure 6.
Triglycerides (TG) of sunflower oil and methanol
(MeOH) react giving FAME (fatty acid methyl esters)
and glycerol (Gly) according to the simple summary
equation:
TG + 3MeOH → Gly + 3FAME

Table 2. Basic strength of the catalysts ( mmol g-1) prepared by ball milling and calcination at 700 °C
Catalyst

Phenolphthalein (H− = 9.3)

CZK0,700

0.116

Thymolphthalein (H− = 10.0) Thymolviolet (H− = 11.0) 4-nitroaniline (H− = 18.4)
0.180

0.276

CZK1,700

0.168

0.098

–

–

CZK2,700

0.532

0.612

0.308

–

CZK4,700

0.872

0.800

0.728

–

K2CO3

4.324

4.188

4.120

–

CaO before calcination

0.490

0.124

–

–

–

Figure 6. FAME yield versus time obtained with CZKx,700 (x=0, 1, 2 and 4), CaO·ZnO [8], CaO [5] and supported K2CO3 [15] as catalyst.
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FAME yield was derived from the TG conversion
(XTG) because only minor amount of diglycerides and
monoglycerides (intermediates formed from TG and
MeOH) are presented in reaction mixture, as verified
by GC analysis:
FAME yield = 100

TG0 −TG
TG0

where TG0 is the initial mass of triglycerides (sunflower oil) and TG is the triglyceride content in
reaction mixture for given reaction time.
It must be pointed out that CZKx,700 catalysts (x =
= 1, 2 and 4) have a higher initial activity for biodiesel
synthesis compared to catalyst CZKx,700 (x = 0; this
study), and other recently tested catalysts: CaO⋅ZnO
[8], CaO [5], and supported K2CO3 on Al-O-Si [15], as
shown in Figure 6. All the samples containing K2CO3
are very active enabling TG conversion above 80%
after the first hour of methanolysis at 70 °C (mole ratio
of methanol to oil 10:1 and 2 mass% of catalyst)
implying that the addition of K2CO3 in the process of
CaO⋅ZnO mixed oxide preparation substantially improved the initial rate of methanolysis compared to
pure CaO·ZnO catalyst.
The experimental results of many researches
performed with heterogeneous catalyst suggested
that a higher basicity could be related to increased
activity of the catalysts and resulted to the higher rate
of biodiesel synthesis. This is proved for the samples
CZK2,700 and CZK4,700 but not for the CZK1,700. In fact,
as it was already pointed out the CZK1,700 is the only
sample which failed to change the color of
thymolviolet (H− = 11.0). Although CZK1,700 poses
weaker basicity, it is more active catalyst for transesterification reaction compared to CZK0,700 at the
beginning of methanolysis syntehsis. Such observation may be mainly attributed to the leaching of
potassium which is very active species. Furthermore,
a lower basicity of CZK1,700 most likely arises from the
higher surface concentration of Zn, since pure Zn is
reported as acidic [30].
The large amount of potassium presented at
catalyst surface (Table 1) might be easily dissolved in
methanol causing also homogeneous catalytic effect
of prepared CZKx,700 samples (x = 1, 2 and 4). The
leaching of alkali metals into methanol from prepared
samples CZKx,700 is an important parameter responsible for faster methanolysis of triglycerides at the
beginning of methanolysis of sunflower oil (Figure 6).
The results of determined solubility of Ca(II), K(I) and
Zn(II) in methanol at 60 °C are shown in Table 3.
Low solubility of Ca and Zn was detected for all
CZKx,700 (x = 1, 2, 4) samples and was smaller than
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that determined for the sample prepared without
addition of K2CO3 (CZK0,700). These results are in
accordance with those reported by Alba-Rubio et al.
[19] who showed that the solubility of Ca was reduced
by adding Na2CO3 to the reaction mixture at the
beginning of the transesterification reaction. At the
same time, solubility of potassium from the samples
CZK1,700 and CZK2,700 was almost the same, while for
the CZK4,700 it was more than four times higher after
treatment at 60 °C for 2 h. These data are in direct
correlation with catalytic activity of prepared samples
containing K2CO3 and prove that both potassium presented in solid phase as well as that dissolved in
methanol are the main factor influencing the initial rate
of triglycerides methanolysis, as shown in Figure 6.
Table 3. Ca, Zn and K solubility in methanol (ppm)
2+

2+

Zn

K

+

Catalyst

Ca

CZK0,700

62.4

7.1

–

CZK1,700

39.7

1.9

406.9

CZK2,700

8.4

3.6

405.5

CZK4,700

23.3

4.5

1807.3

The leaching experiments described in Experimental section were carried out to clarify at the same
time “homogeneous” and “heterogeneous” catalytic
effect during the sunflower oil methanolysis with
CZKx,700 (x = 2 and 4) catalyst. Namely, experiments
of sunflower methanolysis performed using only
methanol prepared by leaching of CZKx,700 showed
that so-called “methanol activity” could be correlated
with the amount of dissolved potassium ion. Thus, a
higher yield of FAME was obtained using methanol by
leaching of CZK4,700 than by CZK2,700. These results
also agree with the analysis of activity using solid
phase after the leaching process. The opposite effect
was observed; the solid particles remained after
leaching test of CZK4,700 had smaller activity comparing to catalyst after the leaching test with CZK2,700.
The results of these tests evidently indicate that
“homogeneous catalytic effect” in FAME synthesis
was caused by the presence of smaller (CZK2,700) or
larger amounts of K2CO3 (CZK4,700) that was dissolved
in methanol.
Calculation of the amount of K2CO3 dissolved in
methanol on the basis of solubility data (Table 3)
shows that 29% of K2CO3 could be dissolved from
CZK4,700 at 60 °C (0.150 g of 0.520 g K2CO3 presented in 2.605 g of used catalysis for methanolysis)
in comparison to 11% from CZK2,700 (0.034 g) and
22% of CZK1,700 (0.034 g), respectively. Knowing that
reaction mixture used for methanolysis was prepared
with 130 g of sunflower oil, 47 g of methanol, and
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2.605 g of catalyst, dissolved concentration of K2CO3
per mass of sunflower oil is in the range 0.03–0.12%
(CZK2,700 , CZK1,700 and CZK4,700). It must be also
pointed out that the amount of potassium and calcium
in prepared CZKx,700 samples and the one dissolved
in methanol would be much smaller compared to
usually used amount of heterogeneous catalysts
(CaO, KF/CaO/cinder, K2CO3 or K/CaO) for vegetable
oil methanolysis [5,16,31-33]. A plausible reason is
that as a result of mechanochemical treatment K2CO3
is embedded in very fine nanocomposite matrix, thus
impeding and delaying K and Ca dissolution.
The Ca, Zn and K contents of CZK2,700 have
been determined by ICP after the transesterification
reaction. Weight ratio of Ca/Zn as well as K/Ca decreased due to dissolution of K and Ca in reaction mixture, whereby Ca and K occur mainly in glycerol with
less than 50 ppm of both elements in FAME (biodiesel). This is in an agreement with recently reported
results that the most of the leached metal was settled
in glycerol layer formed during the reaction [33,34].
Although activity is almost the same for catalyst
CZK2,700 and CZK4,700, the sample prepared with
smaller amount of K2CO3 (x = 2) has an advantage
taking into the account much smaller solubility of K as
well as Ca in methanol and thus more important
heterogeneous catalytic effect.

was detected and this sample is pointed out as more
acceptable for biodiesel synthesis.
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MEHANOHEMIJSKA SINTEZA CaO·ZnO·K2CO3
KATALIZATORA: KARAKTERIZACIJA I AKTIVNOST
U METANOLIZI SUNCOKRETOVOG ULJA
Cilj ovih istraživanja bio je da se pripremi CaO·ZnO katalizator koji sadrži malu količinu
K2CO3 i analizira njegova aktivnost u sintezi biodizela. Katalizator je pripremljen prema
sledećoj proceduri: CaO i ZnO (molski odnos 1:2), voda i K2CO3 (u različitoj količini) su
tretirani mehanohemijski i nakon mlevenja zagrevani na 700 °C u atmosferi vazduha da bi
se dobila smeša oksida CaO·ZnO/xK2CO3 (x = 0, 1, 2 i 4 mol K2CO3 na 10 mol CaO).
Karakterizacija pripremljenih katalizatora izvršena je metodama rendgenske difrakcije
(XRD), indukovane kuplovane plazme (ICP), spektroskopije fotoelektrona dobijenih
X-zracima (XPS), termogravimetrijske analize (TGA), infracrvene spektroskopije (FTIR),
skenirajuće elektronske mikroskopije i energetske disperzione spektroskopije (SEM/EDS),
raspodele veličine čestica (PSLD), merenjem rastvorljivosti katalizatora odnosno Ca, Zn i
K jona u metanolu, kao i određivanjem njihove baznosti (metodom Hametovih indikatora).
Pripremljeni CaO·ZnO/xK2CO3 kompozitni prahovi testirani su kao katalizatori u reakciji
metanolize suncokretovog ulja na 70 °C, pri molarnom odnosu suncokretovog ulja i metanola od 1:10 i sa 2 mas.% katalizatora u odnosu na masu ulja. Pokazano je da prisustvo
K2CO3 u pripremljenim uzorcima povećava aktivnost katalizatora i da je takav efekat posledica homogeno-heterogene katalize u sintezi biodizela.
Ključne reči: mehanohemijska sinteza, CaO, ZnO, K2CO3, mešani oksidi, sinteza biodizela.
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MECHANICAL AND MICROSTRUCTURAL
CHARACTERIZATION OF GEOPOLYMER
SYNTHESIZED FROM LOW CALCIUM
FLY ASH
Article Highlights
• Fly ash geopolymer cured under ambient conditions reached compressive strength up
to 53 MPa
• The compressive strength of geopolymers significantly increased with the decrease of
water content
• SEM, MIP and BET analysis showed that with a lower w/s factor the structure is
denser
Abstract

This study deals with the mechanical and microstructural characterization of
geopolymers synthesized from locally available fly ash. A low calcium fly ash
was activated using a sodium silicate solution. Samples were characterized by
means of flexural and compressive tests, Fourier transform infrared (FTIR)
spectroscopy, X-ray powder diffraction (XRD), and scanning electron microscopy (SEM). Porosity and pore size distributions were identified using mercury intrusion porosimetry and gas sorption. The compressive strength of the
produced geopolymers, which is in the range of 1.6 to 53.3 N/mm2, is strongly
related to the water content as well as SiO2/Na2O mass ratio of an alkali activator. The compressive strength significantly increased with decreases in the
water content and increased silicon concentration used for the synthesis of
geopolymers.
Keywords: geopolymers, fly ash, microstructure, mechanical properties.

Geopolymers are a very promising kind of
material, since they have been shown to offer an environmentally friendly, technically competitive alternative to ordinary Portland cement (OPC) [1–3]. Geopolymer binders possess many advanced properties such
as fast setting and hardening, excellent bond
strength, good long-term properties and durability [4],
good ability to immobilize toxic metals [5], and better
fire [6] and acid resistance [7]. Besides metakaolin as
a typical raw material, geopolymers provide the potential to prepare building materials from waste materials such as fly ash or slag [8]. The choice of the
source material for making geopolymers depends on
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factors such as availability, cost, type of application,
and specific requirements of the end users.
The use of fly ash as a starting material provides
cost and environmental benefits in comparison with
other thermally prepared natural raw materials (e.g.,
metakaolin), since it has a lower incorporated energy
and low CO2 emission [9]. Fly ash appears to be the
most promising precursor for large-scale industrial
production of geopolymer products due to its high
workability and low water demand [10]. Besides, as a
by-product it is available in huge amounts. Fly ash
disposal for coal power stations is an ongoing problem; although fly ash is usually employed in the
cement industry as pozzolanic additives, a high percentage of it is still disposed of in landfills, which
results in high management costs. For instance, in
Slovenia there are two sources of fly ash (the thermal
power plants at Trbovlje and Šoštanj) with over
500,000 tons of fly ash produced per year. Some of it
is used as an additive in the cement industry to pro-
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duce blended cements as well as directly in the production of concrete, but a vast amount is still available
for further processing.
The properties of fly ash geopolymer have been
tailored for applications such as replacing ordinary
Portland cement [11,12] or ceramic-like materials
[13]. The tests conducted on geopolymer mortars
reported that most of the 28-day strength was gained
during the first two days of curing [14]. Although initial
curing at elevated temperatures (between 40 and 95
°C) improves geopolymerization, leading to greater
compressive strength of the geopolymer [15], fly ash
geopolymers with good mechanical properties can be
synthesized at ambient temperature, with high compressive strength of up to 65 MPa [16]. Being able to
cure at ambient temperature is very important in
terms of practical application. The suitability of fly ash
as a source material for geopolymers is mainly influenced by the content of reactive silica and alumina,
Fe2O3 and CaO content, content of vitreous phase,
and particle size [17,18]. Low-calcium fly ash (CaO <
< 10%) is preferred to high calcium fly ash for the
formation of geopolymers, as the presence of calcium
in high amounts may affect the polymerization process [19]. However, the final properties of geopolymers are affected by the concentration and type of
alkaline solution, curing method and temperature,
water content, and ratio of fly ash to alkaline solution
[20,21]. It was reported that the type of alkaline liquid
is a significant factor affecting the mechanical strength,
and that the combination of sodium silicate and
sodium hydroxide gave the highest compressive
strength [22]. Sometimes, the composition could be
optimized by adding sources of alumina or calcium or
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by mechanical activation of fly ashes, resulting in higher
compressive strength especially in the early ages
[14,23–25].
The aim of this research is to investigate the
effects of activator concentration (sodium silicate
modulus) and water/solid ratio on the mechanical and
microstructural properties of fly ash-based geopolymer cured under ambient conditions.
EXPERIMENTAL
Materials
Geopolymer samples were prepared from fly
ash supplied by a Slovenian thermal power plant,
Trbovlje. The chemical composition of the fly ash,
determined by chemical analyses according to EN
196-2 [26] and EN 450-1 [27], is given in Table 1.
According to EN 197-1 [28], the fly ash is classified as
siliceous fly ash. It contains 80.7% particles smaller
than 0.045 mm (EN 450-1[27]). The BET surface area
of fly ash is 2.31 m2/g. Commercial grade sodium
hydroxide (pellets, p.a. 98%, Kemika d.d., Croatia)
and aqueous solution of sodium silicate–water glass
(modulus n = SiO2/Na2O = 2, ρ = 1.50 g/cm3, Na2O,
15%, SiO2, 30%, H2O, 55%, Silkem d.d., Slovenia)
were used as alkali activators for the synthesis of the
geopolymeric materials. The sodium silicate solution
is the most common alkaline liquid used in geopolymerization.
Experiment details
Geopolymer pastes were prepared by mixing fly
ash with the alkali solution at room temperature. The
mix proportions are shown in Table 2. Three different

Table 1. Chemical composition of the fly ash (wt.%), insoluble residue: residue insoluble in hydrochloric acid and potassium hydroxide
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

K2O

Na2O

LOI

Insoluble residue

47.11

24.75

10.90

6.31

1.96

2.39

2.27

1.52

2.67

19.44

Table 2. Composition of geopolymer pastes with compressive and flexural strengths of geopolymer pastes after seven days (values are
averages of three measurements)
Compressive strength
2
N/mm

SiO2/Na2O
of alkali aktivator

w/s

Fly ash, g

1

0.45

0.3

45.44

4.7

3.15

11.7

1.8±3.0

14.3±1.9

2

0.85

0.3

43.84

9.44

2.46

9.25

10.6±0.9

40.0±2.8

3

1.48

0.3

40.96

17.98

1.23

4.84

13.0±0.6

48.6±1.1

4

0.45

0.4

45.44

4.7

3.15

16.7

2.0±0.3

1.6±0.3

5

0.85

0.4

43.84

9.44

2.46

14.25

4.3±0.3

20.3±2.5

Sample

Na silicate, g

NaOH, g

H2O, g

Flexural strength
2
N/mm

6

1.48

0.4

40.96

17.98

1.23

9.84

10.5±0.6

28.3±3.7

7

0.45

0.25

45.44

4.7

3.15

9.2

7.7±0.5

28.7±2.0

8

0.85

0.25

43.84

9.44

2.46

6.75

10.9±1.2

53.3±1.2

9

1.48

0.25

40.96

17.98

1.23

2.34

7.8±0.5

39.5±1.0
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SiO2/Na2O mass ratios (n) of alkaline activators and
three different water/solid (w/s) ratios were used. The
addition of sodium silicate solution and NaOH was
calculated accordingly. The total water in a system
includes water from sodium silicate and extra added
distilled water. In the preparation of the mixtures, solid
NaOH was first dissolved in sodium silicate solution,
followed by the addition of water. The solution was
then mixed with fly ash for 5 min. Mixtures were cast
in molds of 10×10×60 mm3, demolded after one day,
and cured at room temperature of 20±1 °C and relative humidity of 60±10%.
Methods
The compressive and flexural strength of the
investigated samples was analyzed after seven days
using a ToniNORM ID 3100299. Measurements were
carried out on three samples per mixture on 10×10×60
mm3 prisms.
The mineral composition of fly ash and selected
geopolymer samples was determined by X-Ray
powder diffraction (XRD) using a Philips PW3710
X-ray diffractometer equipped with CuKα radiation
and a secondary graphite monochromator. Data were
collected at 40 kV and a current of 30 mA in the 2θ
range from 5 to 70° with a speed of 3.4 °/min. The
results were analyzed by X'PertHighScore Plus diffraction software using PAN-ICSD (PW3213) powder
diffraction files. The samples were ground in an agate
mortar to a particle size of less than 50 µm prior to
XRD analysis.
The Fourier transform infrared spectroscopy
(FTIR) spectra of fly ash and selected geopolymer
samples were recorded using a Perkin Elmer Spectrum 100 spectrometer. Sixty-four signal-averaged
scans of the samples were acquired. Powder pellets
were pressed from mixtures of samples with KBr at a
ratio of about 1:200. The FTIR spectra were recorded
with a spectral resolution of 4 cm−1 in the range of
4000–370 cm−1.
The microstructure and chemical composition of
the polished cross-sections of the samples were examined by the back-scattered electrons (BSE) image
mode of a JEOL 5500 LV low vacuum scanning electron microscope (SEM).
The porosity and pore size distributions of the
investigated samples were determined by means of
mercury intrusion porosity (MIP). Small blocks,
approximately 1 cm3 in size, were dried in an oven for
24 h at 105 °C and analyzed on a Micromeritics
Autopore IV 9500 model. Samples were analyzed in
the range of 0 to 414 MPa using solid penetrometers.
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The N2 sorption isotherms were obtained at 77 K
on a Micromeritics ASAP-2020 analyzer under continuous adsorption conditions. Prior to these measurements, chip samples (about 1 g) were heated at
200 °C for 2 h and outgassed to 10−3 Torr using Micromeritics Flowprep equipment. Gas adsorption analysis in the relative pressure range of 0.05 to 0.3 was
used to determine the total specific area – the Brunauer-Emmett-Teller (BET) surface area of the samples [29]. The total pore volume and micropore volume
of the samples were calculated using t-plot analysis.
The Barrett-Joyner-Halenda (BJH) method was used
to obtain pore size distribution curves [30].
RESULTS AND DISCUSSION
Compressive and flexural strength
The compressive and flexural strengths of the
geopolymer pastes are given in Table 2. Values of
compressive and flexural strength ranged from 1.6 to
52.3 N/mm2 and 1.8 to 13.0 N/mm2, respectively
(Table 2). As seen from Figure 1, these values increase with the increase of the SiO2/Na2O mass ratio
of alkali activator and decrease significantly with
increases in water content (water/solid ratio). Thus,
samples with the lowest SiO2/Na2O mass ratio have
the lowest values of compressive strength, which,
however, decrease with the w/s ratio. For example,
the compressive strength of sample 8 with a w/s ratio
0.25 is 53.3 N/mm2, while the compressive strength of
specimen 5 with a w/s ratio of 0.4 is 20.3 N/mm2. If
samples 1–3, 4–6, and 7–9 are compared, it is evident
that the presence of dissolved silicon in the aqueous
solution of sodium silicate contributes to the increase
of compressive strength. An increase in the SiO2/
/Na2O mass ratio from 0.45 to 0.85 causes a perceptible increase of the compressive strength, but
further increases in the silicon concentration do not
influence the compressive strength significantly. The
higher concentration of dissolved silicon in the system
normally led to higher strength, but only up to a certain value [22,31]. The further increase in the concentration of silicon led to a decrease in the compressive strength, as observed in sample 9 in our
case. This could be a result of the amount of unreacted material, which increases with silicon concentration and has a deleterious effect on the mechanical
strength of geopolymers [32]. Moreover, it could be
connected to the viscosity of sodium silicate solution,
as it increases with the SiO2/Na2O increase and w/s
decrease and thus hindered mass transport through
solution. Besides, these results indicate that the w/s
ratio played an important role in the development of
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Figure 1. Compressive strength of geopolymer pastes as a function of w/s and SiO2/Na2O mass ratios.

compressive strength, illustrating the effect of the w/s
ratio on geopolymer strength development, which is
similar to OPC concrete. A similar trend is also
observed for samples 7, 4 and 1, as well as for
samples 9, 6, and 3.
XRD and FTIR spectroscopy
The basic material of the fly ash based
geopolymer is of a prevailingly amorphous character.
The XRD patterns of the geopolymers are clearly different from that of the original fly ash (Figure 2).
Besides the amorphous phase (broad hump due to
the glass content, appearing at around 25° 2θ),

quartz, mullite, anorthite, haematite, anhydrite and
maghaemite are present in the source material. After
the process of geopolymerization, the original broad
peak of fly ash is shifted to the higher values of 2θ
angles (30° 2θ), indicating the dissolution of the fly
ash amorphous phase and the formation of a new
amorphous phase in the geopolymer [33].
The FTIR spectra for fly ash and geopolymer
pastes are shown in Figure 3. The main feature of the
FTIR spectra was the central band at around 1078
cm-1, which is attributed to the Si–O–Si or Al–O–Si
asymmetric stretching mode. The main spectral band

Figure 2. XRD Patterns of fly ash and geopolymer pastes.
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Figure 3. FTIR Spectra of fly ash and geopolymer pastes.

originally appearing in fly ash at about 1078 cm-1
shifted to lower frequencies after geopolymerization
took place. The larger the shift, the higher the degree
of penetration of Al from the glassy part of the fly ash
into the (SiO4)4- net [34,35]. An increase in the SiO2/
/Na2O mass ratios (samples 1–3) contributed to a decrease in the main band at 1078 cm-1 in fly ash to 1015
cm-1 in sample 3. On the other hand, this decrease
ranged between 48 and 69 cm-1 depending on the w/s
ratio (samples 2, 5 and 8). This indicates that the
geopolymerization process is influenced by both parameters. Significant broad bands were observed at
approximately 3450 and 1640 cm-1 for the O–H stretching mode and O-H bending mode. The presence of
quartz is shown by a characteristic doublet at around
796 and 776 cm-1 and it is present in all samples.
Another spectral band at around 1440 cm-1 appeared
in all the geopolymer samples, but is absent in the fly
ash. This band is characteristic of the asymmetric
CO3 stretching mode, which suggests the presence of
sodium carbonate as a result of the reaction between
excess sodium and atmospheric carbon dioxide
[9,35]. Excess sodium content can form sodium carbonate by atmospheric carbonation and may disrupt

the polymerization process [36]. Particularly in the
case of low-Ca alkali activated materials, carbonation
tends to form sodium carbonates and bicarbonates,
which are more soluble than the CaCO3 formed by
carbonation of OPC and may therefore act as an
alkali sink and/or play a buffering role in the pore solution [37].
SEM
The microstructure of fly ash-based geopolymer
is characterised by the heterogeneous matrix of geopolymeric gel and unreacted fly ash particles. Closed
spherical pores are present, formed either as a result
of the dissolution of original fly ash particles (part of
the particle is still present), or by the air entrained
during the preparation. Fly ash is known to contain a
significant proportion of particles with hollow spheres.
When these hollow spherical particles are partially
dissolved they create porosity in the matrix, which
thus contains highly dispersed small sized pores [8].
When compared samples with the same w/s ratio, in
sample with the lowest Na2O/SiO2 mass ratio of the
alkali activator poor connection among the grains was
observed due to the small amount of matrix, whereas
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samples with higher activator concentration showed
compact matrix (Figure 4). On the other hand, microcracks that occur within the matrix and at the interface
grains/matrix are abundant in sample with highest
SiO2/Na2O mass ratio (sample 3). Furthermore, at
constant activator concentration, the sample with the
highest w/s ratio showed a more porous matrix with
respect to the samples with lower w/s ratio.
Hg-porosimetry and gas sorption
Table 3 shows the parameters that were determined by mercury intrusion porosimetry and gas sorption, while Figure 5 shows the representative pore
size distribution for selected geopolymer pastes.
The geopolymers exhibited a rather high porosity, with porosity values ranging from 30.4 to
41.4%. Similar to the case of compressive strength,
the porosity of the geopolymers is influenced substantially by the value of the water/solid ratio [38] as
well as by the SiO2/Na2O mass ratio. The porosity of
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the geopolymers prepared by increased silicon concentration was substantially smaller, but larger w/s
ratio increased the porosity and a shift toward larger
pore sizes could be observed. For instance, sample 8
(w/s = 0.25) developed a porosity of 32.2%, while
sample 5 (w/s = 0.4) had a higher porosity of 41.4%.
Moreover, the value of porosity of sample 1 with
lowest SiO2/Na2O mass ratio (n: 0.45) was 36.2% and
that of sample 3 (n: 1.48) was 30.4%. While there
were no significant differences in the porosity of
samples 1 and 2, a further increase in the SiO2/Na2O
mass ratio reduced the porosity, as observed in
sample 3. The result showed that even small w/s
variation had a strong influence on the porosity values
and consequently to the compressive strength. As
shown in Figure 6, the porosity and compressive
strength of geopolymers are in negative correlation at
constant SiO2/Na2O mass ratio and various w/s ratios.
The same trend is observed for average pore diameter, which ranged from 0.0376 to 0.0773 µm and is

Figure 4. Electron micrographs of fly ash-based geopolymer at constant w/s and various n ratios: a) 0.45, sample 1,
b) 0.85, sample 2 and c) 1.48, sample 3.
Table 3. Results of the mercury intrusion measurements and the N2 adsorption measurements of the geopolymer samples
investigated
Hg-porosimetry
SiO2/Na2O
of alkali aktivator

w/s

Porosity
%

1

0.45

0.3

36.18

0.053

2

0.85

0.3

35.53

0.041

3

1.48

0.3

30.41

5

0.85

0.4

8

0.85

9

1.48

Sample

Average pore diameter Median pore
µm
diameter, µm

Bulk density
g/mL

Apparent density
g/mL

0.666

1.44

2.26

0.124

1.49

2.31

0.077

0.659

1.58

2.27

41.44

0.056

0.116

1.36

2.31

0.25

32.20

0.038

0.107

1.58

2.33

0.25

27.86

0.023

0.084

1.67

2.32

N2-adsorption
BET surface area
2
m /g

Total pore volume
3
cm /g

Average pore
diameter, nm

0.3

7.88

0.026

13.26

b.d.l.

0.3

18.53

0.074

15.91

0.000756

0.3

7.98

0.018

9.05

0.000570

0.85

0.4

17.12

0.084

19.56

0.000448

0.85

0.25

16.00

0.064

15.96

0.000689

SiO2/Na2O
of alkali aktivator

w/s

1

0.45

2

0.85

3

1.48

5
8

Sample

18

3

Micropore volume, cm /g
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Figure 5. Log differential intrusion versus pore size of of investigated geopolymer pastes at constant n (top) and w/s (below) ratios.

Figure 6. Compressive strength and porosity of geopolymers at constant n: 0.85 and various w/s ratios.
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smallest for the lowest SiO2/Na2O mass and w/s
ratios. The bulk densities of the samples were within
the range of 1.36 to 1.58 g/mL, while the apparent
densities were within the range of 2.26 to 2.33 g/mL.
The pore size distribution of the geopolymer
pastes is unimodally distributed in samples 1 and 3.
Samples with different w/s ratios at the same
SiO2/Na2O mass ratio of alkali activator all showed
bimodal pore size distribution. As shown in Figure 5,
at the same SiO2/Na2O mass ratio, the larger intrusion
peak is shifted towards smaller pores with decreases
of the w/s ratio, that is, from 0.3 (sample 8) to 0.5 µm
(sample 5). On the contrary, on changing the SiO2/
/Na2O mass ratio, the larger intrusion peak shifted
first towards lower pores and then with further increases of silicon to the higher pores.

Chem. Ind. Chem. Eng. Q. 21 (1) 13−22 (2015)

However, the high-pressure mercury porosimetry yielded only limited information on the character of the pores in the nanometric region. More data
were obtained by measuring BET isothermal lines;
Figure 7 shows the distribution of the pore sizes of the
geopolymer pastes.
The values of the BET specific surface area
ranged from 7.88 to 18.53 m2/g (Table 3). Values of
total pore volume ranged from 0.018 to 0.084 cm3/g. It
is interesting to note that samples 1 (n: 0.45) and 3 (n:
1.48) had similar BET specific surface areas with the
lowest values. It seems that the w/s ratio did not influence the BET specific surface area significantly.
The pore volume accessible to gas is higher for the
samples with a higher w/s ratio, whereas an increase
or decrease in the SiO2/Na2O mass ratio reduced it.

Figure 7. Pore size distribution of geopolymers determined by N2 adsorption measurements at constant n (top) and w/s (below) ratios.
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Values of average pore diameter ranged from 9.05 to
19.56 nm, the highest being for a w/s ratio of 0.4 and
the lowest for the highest SiO2/Na2O mass ratio.
Samples 2 and 8 showed a pore size distribution
with a clear maximum at around 20 nm (shifted to
higher values for sample 8), while sample 5 had a
broad peak in the range of 10–80 nm. The pore size
diameter was reduced when a higher SiO2/Na2O
mass ratio of alkali activator was used (sample 3),
while sample 1, for which the lowest modulus (n:
0.45) was used, did not show a clear maximum.
These two samples also had the lowest total pore
volume. The volume ratio of small pores (< 50 nm)
also seemed to be affected by the w/s ratio, which
confirmed that decreasing the w/s can reduce the
porosity of the geopolymer, as was also found by
Zhang et al. [38]. The mesopores (3.6–50 nm) represent the main porous structure, which is the cluster(s)
of aluminosilicate particles that constitute the Si-O-Al
network, as shown by Sindhunata et al. [39].

siderable shift in FTIR analysis for the band at around
1078 cm-1, which is attributed to the Si–O–Si or Al–O–Si
asymmetric stretching mode, was noticed for all
samples, but was highest in the most geopolymerized
one, sample 8, as a result of the higher degree of
penetration of Al from the glassy part of the fly ash
into (SiO4)4- net. The FTIR results are in good correlation with the XRD analysis, where it is also observed
that the original broad peak of fly ash representing the
glassy phase is shifted to the the higher values of 2θ
angles, indicating the dissolution of the fly ash amorphous phase and the formation of a new amorphous
phase in the geopolymer.
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MEHANIČKA I MIKROSTRUKTURNA
KARAKTERIZACIJA GEOPOLIMERA
SINTETISANOG IZ LETEĆEG PEPELA SA MALIM
SADRŽAJEM KALCIJUMA
U ovom radu je izvršena mehanička i mikrostrukturna karakterizacija geopolimera,
sintetisanih iz lokalno dostupnog letećeg pepela. Pepeo sa malim sadržajem kalcijuma je
aktiviran pomoću rastvora natrijum-silikata. Uzorci su okarakterisani pomoću testa savijanja i kompresije, FTIR spektroskopijom, rentgenskom difrakcijom i SEM mikroskopijom.
Poroznost i distribucija pora su identifikovani živinom porozimetrijom i sorpcijom gasa.
Čvrstoća proizvedenih geopolimera, koja je u opsegu od 1,6 do 53,3 N/mm2, usko je
povezana sa sadržajem vode, kao i sa masenim odnosom alkalnog aktivatora SiO2/Na2O.
Čvrstoća značajno raste sa smanjenjem sadržaja vode i povećanjem koncentracije
silicijuma korišćenog za sintezu geopolimera.
Ključne reči: geopolimeri, leteći pepeo, mikrostruktura, mehaničke osobine.
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NITRATE SORPTION ON ACTIVATED
CARBON MODIFIED WITH CaCl2:
EQUILIBRIUM, ISOTHERMS AND KINETICS
Article Highlights
• Activated carbon modified with CaCl2 is an effective sorbent to remove nitrate from
aqueous solutions
• Maximum removal was between pH 3 and 9
• The Langmuir, Redlich-Peterson and Sips model isotherms represent the experi2
mental data well with R > 0.99
• The sorption kinetics obeyed a second order kinetic model
Abstract

In this study, nitrate removal from aqueous solutions was investigated using
granular activated carbon (GAC) modified with CaCl2. Batch sorption studies
were performed as a function of sorbent dose, initial nitrate concentration and
pH. Sorption was maximized between pH 3 and 9. Studies on the effect of pH
showed that the ion exchange mechanism might be involved in the sorption
process. The percentage of nitrate removed increased with increasing sorbent
concentration, and the ideal sorbent dose was found to be 20 g·L-1. Four isotherm models – Langmuir, Freundlich, Redlich-Peterson and Sips – were used
to fit the experimental data. The Redlich-Peterson isotherm model explained
the sorption process well and showed the best coefficient of determination
(0.9979) and Chi-square test statistic (0.0079). Using the Sips isotherm model,
the sorption capacity (qe) was found to be 1.93 mg nitrate per g of sorbent.
Kinetic experiments indicated that sorption was a fast process, reaching equilibrium within 120 min. The nitrate sorption kinetic data were successfully fitted
to a pseudo-second-order kinetic model. The overall results demonstrated
potential applications of modified GAC for nitrate removal from aqueous solutions.
Keywords: nitrate, isotherms, kinetic, activated carbon, modified surface.

High nitrate levels in drinking water supplies
represent a significant risk to human health, as this
substance is directly responsible for methemoglobinemia in infants (blue baby syndrome) [1]. Nitrate is
consequently absorbed by hemoglobin to form methemoglobin. Nitrite, formed by bacteria starting nitrate,
can also induce gastric cancer by reacting in the stomach with agents of human gastric cancer [2].
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Researchers have described several sources of
nitrate as being the causes of water resources contamination (surface and groundwater). Most research
reports that water contamination by nitrate is primarily
associated with agriculture practices [3]. Further
sources of nitrate include nitrogen dissolved in precipitation, return flows of irrigation water and dry
deposition (gases and suspended particles dispersed)
[4]. However, other sources of nitrate contamination
also deserve attention, including domestic and industrial wastewater, septic systems, landfills and animal
waste [5].
Several methods have been proposed to reduce
or remove nitrate from drinking water or wastewater
such as biological, physical-chemical, chemical and
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electrochemical techniques. According to Chiueh et
al. [6], methods for the removal or reduction of nitrate
in aqueous solutions may be grouped into two main
categories: i) transport, such as reverse osmosis, ion
exchange, electrodialysis and sorption and ii) destruction, such as biological, chemical and catalytic
denitrification.
Sorption processes are generally considered to
the best in water treatment due to their simplicity and
ease of operation. Moreover, these processes can eliminate or reduce the different types of organic and
inorganic pollutants in water or sewage and therefore
have wide applications in pollution control [7].
Several sorption technologies have proven to be
successful in removing different types of inorganic
anions. Viswanathan and Meenakshi [8] reported successful removal of fluoride; Namasivayam and Sangeetha [9] and Guan et al. [10] showed successful
removal of nitrate; Bhatnagar et al. [11] reportedly
removed bromate; and Mahmudor and Huang [12]
were successful in removing perchlorate. All of these
studies were performed with aqueous solutions using
various materials as sorbents. It should be noted that
the efficiency of removal strongly depends on the
choice of sorbent material suitable for a specific anion
[13].
In this study, activated carbon was modified with
CaCl2 and used to remove nitrate from aqueous solutions by sorption. Accordingly, the effects of various
parameters on the adsorption process were investigated such as the point of zero charge (pHPZC), pH,
sorbent concentration (cS) and time. This paper is
focused on the investigation of the activated carbon
surface modified by CaCl2. Quick functionalization
and easy execution applied to the removal of nitrate
in aqueous solutions can be considered an advance
in this treatment.
MATERIALS AND METHODS
Specification of reagents and sorbent
Commercial granular activated carbon (GAC)
was used as a solid sorbent, with a particle size
between 1 and 2 mm (Synth®, Diadema, São Paulo,
Brazil). Sodium nitrate (99%, ACS-PA, Dinâmica®,
Diadema, São Paulo, Brazil) was used as the sorbate. Calcium chloride (Sigma-Aldrich®, São Paulo,
São Paulo, Brazil) was used to chemically modify the
activated carbon surface. Analytical-grade reagents
and deionized water were used throughout this study
unless stated otherwise.
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Chemical modification of activated carbon
A 1000 mL solution of 2000 mg·L-1 CaCl2 was
prepared in a 1000 mL beaker. Ten grams of GAC
was added, and the solution was stirred for 1 h.
Following filtration of the solution, the coal retained by
the filter was dried for 24 h at room temperature (∼25
°C).
To evaluate the surface modification of GAC,
SEM analyses were performed using an electron
microscope (TM 3000 – HITACHI) coupled with EDX.
Specifically, the outer microstructure and the elemental composition of the activated carbon before
and after chemical treatment surface were evaluated.
Point of zero charge (pHPZC) experiment
The point of zero charge (PZC), defined as the
pH at which the surface of the sorbent has a neutral
charge, was determined by the "experiment of the 11
points" methodology proposed by Herczynska [14].
Mixtures of 50 mg of sorbent and 50 mL of aqueous
solution were prepared at 11 different initial pH values
(2–12). The pH was adjusted with 0.1 mol·L-1 HCl or
NaOH and was measured again after 24 h. The relationship between the initial pH values and the
change in pH with time determined the point at which
the material became absorbent, pHPZC.
Batch sorption experiments
Sorption tests were performed with granular
activated carbon modified with CaCl2 by adding in 200
mL of 10 or 20 mg·L-1 nitrate solution. The tests were
performed at room temperature (25±3 °C) for 30 min
under constant stirring in a shaker (Wagner, Marconi,
Brazil). Subsequently, the solution was filtered with
filter paper and the concentration of residual nitrate
determined by UV spectroscopy (λ = 200 nm) as
described in the Standard Methods [15]. The amount
of nitrate adsorbed to the GAC-modified material was
calculated by the following equation:

qe =

(c i − c e )V
Ms

(1)

where qe represents the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium
(mg·g-1), ci is the initial sorbate concentration (mg·L-1),
ce is the equilibrium concentration (mg·L-1), V is the
volume of the solution (L) and Ms is the mass of
sorbent (g).
The effect of pH on the sorption process was
evaluated by varying the pH of the sorption solution.
The pH values were established for each test and
kept constant by regular monitoring. The Statistica 5.0
software (Statsoft Inc., Tulsa, OK, USA) was used to
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perform analysis of variance (ANOVA) tests for lack
of fit and to determine the regression coefficients.
Tukey’s test was used to compare all pairs. The test
is based on the least significant difference, and it is
used as to test for any difference between the two
averages of treatment.
Equilibrium isotherms
Modeling of sorption isotherm data is important
to predict and compare adsorption performance, as
the sorption isotherm represents the equilibrium relationship between the solute in solution and the sorbate retained in the sorbent at a given temperature
[16]. The model parameters often provide information
about the mechanisms of sorption, surface properties
of the sorbent and affinity between the sorbate and
sorbent. Langmuir, Freundlich, Redlich-Peterson and
Sips isotherm models are commonly used to describe
the solid-liquid sorption system.

The Langmuir isotherm
The Langmuir isotherm has been used extensively by many authors to describe the adsorption of
heavy metals, dyes and organic pollutants onto materials such as activated carbon, clay and food industry waste [16-18]. This model is valid for monolayer
adsorption on specific homogenous sites containing a
finite number of identical sites and assumes uniform
adsorption energies on the surface without transmigration of the sorbate in the plane of the surface.
The Langmuir isotherm model estimates the maximum adsorption capacity produced from complete
monolayer coverage on the adsorbent surface [19].
The non-linear Langmuir isotherm model can be
expressed by the following equation:

qe =

q mK Lc e
1 + K Lc e

(2)

where qm represents the maximum capacity of sorption (mg·g-1), and KL is the constant of surface energy
(L·mg-1).

The Freundlich isotherm
Suzuki [20] describes the Freundlich equation
as an empirical relationship, because the sorption
capacity is unlimited when the solution concentration
increases. For strongly favorable isotherms, the
Freundlich equation generally fits the empirical data
well, particularly for solid-liquid sorption [21]. Equation
(3) represents the Freundlich model [22]:

q e = K fc e

1

n

(3)
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where and Kf is the Freundlich parameter related to
adsorption capacity (mg·g-1)(L·mg-1)1/n.

The Redlich-Peterson isotherm
The Redlich–Peterson isotherm [23] contains
three parameters, A, B and β (0 < β < 1), and involves
the features of both the Langmuir and the Freundlich
isotherms. It can be described as follows:

qe =

Ac e
1 + Bc e β

(4)

A and B are constants, and β is the degree of
heterogeneity. When coverage is very low, Eq. (4)
becomes linear and leads to the Henry’s Law. For
high coverage, Eq. (4) can be assimilated to the Eq.
(3), as the ratio A/B and (1–β) corresponds to the
parameters Kf and 1/n of the Freundlich isotherm (Eq.
(3)). For β = 1, Eq (4) can be likened to the Langmuir
equation (2); A/B is numerically equal to the monolayer capacity (qm), and B is the sorption equilibrium
constant.

The Sips isotherm
The Sips isotherm model considers the adsorption capacity to be limited by high sorbate concentrations [24]. This model is similar to the Langmuir
model but includes a parameter that represents the
heterogeneous system. The Sips isotherm can be
described by the following equation:

qe =

q mbc eγ
1 + bc eγ

(5)

where b is the sorption constant, and γ is the dissociation parameter. The Sips model reduces to the
Langmuir model when γ = 1.
Error analysis
Linear coefficients of determination and a nonlinear Chi-square test were used in this study. The
chi-square test statistic is the sum of the squares of
the differences between the experimental and calculated values, with each squared difference divided
by the corresponding data obtained by model
calculations. The mathematical equivalent of this
statement is Equation 3.5 [25]:
2

χ =



(q e − q cal )
q cal

2

(6)

where qcal is the equilibrium capacity obtained from
model calculations (mg·g-1), and qe is obtained from
the experimental data for the equilibrium capacity
(mg·g-1). If data from the model are similar to the
experimental data, χ2 will be a small number, and if
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they are different, χ2 will be a large number. Therefore, it is necessary to also analyze the data set using
the Chi-square test to identify the isotherm that best
fits the sorption system.
Kinectic studies
Kinetic studies were performed in 1.0 L conical
flasks using initial nitrate concentrations of 20 and 10
mg·L-1 at pH 6. The solutions were shaken at room
temperature (25 °C) for 2 h. Samples of 1.0 mL were
collected from the triplicate flasks at required time
intervals (5–120 min). The clear solutions were analyzed for residual nitrate concentration in the solution.
RESULTS AND DISCUSSION
Structural and elemental analyses
Figure 1 shows the results of SEM and EDX
analyses on the GAC before and after modification.
Irregular, heterogeneous and disordered surfaces can
be observed in both cases. The chemical modification
caused by the CaCl2 showed no apparent changes in
surface morphology in the photomicrographs of the
GAC and GAC+CaCl2 materials. This can be confirmed by the surface area, which was determined by
BET and presented values of 726.4 and 724.1 m2·g-1
for GAC and GAC+CaCl2, respectively. It was observed that the total pore volume didn’t show significant difference. Pore volume of 0.33 was found for
GAC and 0.32 cm3·g-1 for GAC+CaCl2. However, the
spectrograms obtained for the GAC and GAC + CaCl2
samples showed that calcium appears in the elemental composition after GAC modification, indicating
that the treatment seems to be effective.
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Determination of the zero charge point (pHPZC)
The values of pHPZC for modified GAC and GAC
were 7.20 and 7.80, respectively. The sorbent is considered to act as a buffer solution at this value.
These results were expected, as the sorbents
have different surface characteristics; the sorbent that
received chemical treatment with CaCl2 has more
positive active sites, which tend to retain more OH–.
Consequently, the concentration of H+ in the solution
increases, making it more acidic. Thus, this PZC
value is lower than that of activated carbon without
chemical treatment.
The pH of the system affects the sorption functional groups by dissociating the active sites on the
sorbent surface. This change in pH influences the
kinetics of the sorption processes.
The sorption of cations increases when the actual pH is greater than the pHPZC, while the sorption of
anions is favored at pH lower than pHPZC values [26].
However, the specific sorption of cations minimizes
pHPZC. Thus, the particular sorption of anions maximizes pHPZC.
Study of the sorbent concentration (cS)
With solid sorbent concentration of approximately 20 g·L-1, 78% of the nitrate was removed after
equilibrium was reached. Similarly, at a solid sorbent
concentration of approximately 40 g·L-1, 88% of the
nitrate was removed after equilibrium was reached.
These results can be explained by evaluating
the total sorption and active surface sites of the sorbent. In accordance with Pavan et al. [27] and Vaghetti et al. [28], increasing the amount of solid sorbent
in the system causes an increase in sorption area,

Figure 1. SEM and EDX of – A: GAC and B: GAC + CaCl2 (magnification of 2000×).
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and thus more active sites are available. This mechanism reduces the nitrate concentration in the solution. Accordingly, increasing the dosage of the sorbent would completely remove the solute from the
solution. However, this outcome does not occur in
batch systems because the sorbent and the sorbate
retained solute in the solution establish an equilibrium
[29].
When the solute concentration in the solution
was below 5.0 mg·L-1, continually increasing the sorbent dosage did not significantly affect removal.
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mean values at pH 2 and 10 (p < 0.05). For pH 2, all
mean values were significantly different, whereas at
pH 10 the average values were significant when
compared with the mean values at pH 5, 6 and 7.
Thus, the mean values did not vary significantly from
pH 3 to 9. This result is similar to the result presented
by Namasivayam and Sangeetha [9], who reported an
adsorption maximum between pH 3 and 10 when studying nitrate removal from aqueous solutions using
activated carbon modified with ZnCl2.

Influence of pH in the nitrate sorption in the modified
GAC
The influence of pH on the nitrate sorption process using the modified GAC was evaluated for different sorbent concentrations: 2, 4 and 6 g of sorbent
per 200 mL of nitrate solution; the initial concentrations of nitrate were 10 and 20 mg·L-1.
The results indicate that a small change
occurred in the sorption behavior at pH 6 for 2 g of
sorbent in a 10 mg·L-1 nitrate solution; when the sorbent concentration was increased while all other conditions were kept constant, the process appeared to
be independent of pH. However, higher sorption was
observed for 2 g of sorbent in a 20 mg·L-1 nitrate
solution. At pH 4, the results obtained from this study
are similar to the results reported by Ozturk and
Bektas [30]. The process also seems to be pH independent for higher concentrations of sorbent and a 20
mg·L-1 initial concentration of nitrate.
The data indicate that pH has little influence on
the sorption capacity. However, small variations in
this capacity were identified for lower sorbent concentrations. According Corapcioglu and Huang [31], the
pH of the solution directly influences the surface
charge of the sorbent and the ionization degree of
several solutes. In other words, the pH interferes with
the charge of the molecules that are present in
solution. Changes in pH affect the sorption process
by decoupling the functional groups present on the
surface of the sorbent, specifically the active sites.
The interaction between various cationic and anionic
species with the sorbent could be explained by competitive sorption of H+ and OH– with sorbates.
Figure 2 shows the results of a detailed pH test
(pH range 2–10) that was performed to verify the
influence of pH on the nitrate sorption process. The
results show that the pH does not significantly affect
the removal of nitrate. Tukey’s test was performed
with a significance level of 95% to assess whether the
mean values of removal at each pH were different.
This test showed significant differences between the

Figure 2. Effect of pH on the sorption for 4 g sorbent in 200 mL
of 20 mg·L-1 nitrate solution.

Based on these results, it seems that the surface treatment with CaCl2 assigns positive character
to the GAC sites, confirming the existence of two
sorption mechanisms involving electrostatic interactions and anion exchange.
The sorption capacity is close to 0.8 mg g-1
between pH 3 and 9. Sorption was lower at pH 2 and
10 (0.60 and 0.70 mg·g-1, respectively). The low sorption observed at pH 2 can most likely be attributed to
competition between NO3– and Cl– in the active sites,
which results from HCl added to adjust the pH. At pH
10, the surface of the sorbent is charged with negative sites, which does not favor anion sorption due to
electrostatic repulsion.
At pH values lower than pHPZC (7.20), the movements on the surface of the sorbent result in positively
charged sites. Thus, the sorption of anions seems to
be primarily facilitated by electrostatic attraction.
According to Chintala et al. [32], at pH values
more than pHPZC (7.20), the movements on the surface of the sorbent result in negatively charged sites.
Thus, the sorption of anions seems to be primarily
facilitated by anion exchange.
According to Namasivayam and Sangeetha [26],
the degree of protonation at the surface of the sorbent
does not drop immediately to zero at pH values
higher than pHPZC (7.20). However, the sorption of
anions is still possible. Furthermore, ion exchange
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mechanisms could account for the removal of anions
in solutions with pH values approaching 10 and in
solutions at pHPZC.
Nitrate can still be removed at pH values of 2
and 10, but this behavior is unusual since electrostatic repulsion inhibits sorption when the surface of
the sorbent is strongly negative. Ion exchange mechanisms are inhibited in the same way.
Equilibrium of sorption
Figure 3 shows the experimental and predicted
results obtained for the nitrate sorption process using
modified GAC. The following mathematical models
have been used to quantitatively analyze the sorption
process: Langmuir (Eq. (2)), Freundlich (Eq. (3)),
Redlich-Peterson (Eq. 4)) and Sips (Eq. (5)). These
models were adjusted by nonlinear regression using
the Origin 8.5.1 software (OriginLab Corporation).
Figure 3 shows an L-type experimental isotherm
with a concave (favorable) shape relative to the axis
Ce. Giles et al. [33] reported that the slope does not
increase with increasing solute concentration for a
curve with this type of geometry, indicating a high
affinity between the solute and sorbent. This affinity
allows molecules (or ions) to sorb to the surface and
to sometimes experience particularly strong intermolecular attractions.
As shown in Figure 3, the experimental values
of qe reach a plateau when the equilibrium concentration of solute in the solution reaches 40 mg·L-1.
This plateau value was defined as the experimental
sorption capacity and equaled 1.60 mg·g-1. By observing the shape of the predicted isotherms, it is possible to qualitatively assess the interaction between
the ions in solution and the sorbent.
Figure 3 also indicates that the Redlich-Peterson, Langmuir and Sips models accurately describe
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the experimental data for the concentration ranges in
this study.
The Freundlich isotherm, which has been successfully applied to many sorption processes [34,35],
did not represent the best fit for the experimental data
obtained in this study. Table 1 shows that the coefficient of determination, R2, and Chi-square test statistic, χ2, for the Freundlich model had values of
0.9676 and 0.1788, respectively. Figure 3 indicates
that the Freundlich model better applies to solute
concentrations of less than 30 mg·L-1. However, the
low value of R2 obtained with this model suggests that
the initial concentration interval (ci), in this study is
high. Values greater than 30 mg·L-1 for the final NO-3
concentration (ce) lead to lower values of R2 and consequently larger values of χ2. In other words, although
the Freundlich model analyzed graphically in Figure 3
was initially described as an appropriate model for the
process, this model generated errors to give NO-3
concentrations beyond 30 mg·L-1. This result demonstrates that the Freundlich model best applies to low
concentrations, which is a result also shown by Langmuir [16] by applying the model for the sorption of
gases in solids to their data.
Table 1. Comparison of non-linear regression coefficients of
determination, R2, Chi-square test statistic, χ2, and isotherm
parameters
Langmuir

Freundlich

Sips

1.8297

Kf 0.4254

qm

1.9311

A

0.2961

KL

0.1413

N

2.7656

b

0.1510

B

0.2070

R2

0.9972

R2 0.9676

γ

0.9048

β

0.9373

χ2

0.0113

χ2

R2

0.9978

R2

0.9979

0.0095

2

0.0079

0.1788

2

χ

Figure 3. Comparison of different nitrate sorption isotherms onto modified GAC.
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According to Giles et al. [33], the term 1/n in the
Freundlich Equation indicates that when n > 1, the
curve generated by plotting values of qe against ce is
concave relative to the axis of the abscissa, which
indicates a process that favors sorption. The value of
n shown in Table 1 indicates that this experiment is
favorable.
The constant Kf may be used to compare the
sorption process for the same sorbent with different
solutes. Conversely, Kf may also be used to compare
the sorption process for different sorbents in the same
solute. These comparisons help establish the system
with the most efficient sorption. Febrianto et al. [36]
state that, unlike the Langmuir constant (qm), Kf does
not provide the sorption capacity, as the sorbent does
not reach saturation in the Freundlich model.
The coefficients of determination (R2) for the
Redlich-Peterson, Sips and Langmuir models presented in Table 1 are very similar; thus, the most
approriate model cannot be chosen based on these
values. To compare the three models, the Chi-square
test statistic, χ2, was used. The results of this analysis
showed that the Redlich-Peterson model best fits the
experimental data.
The value of KL indicates the favorability of the
process as well as the affinity between the sorbent
and sorbate. Langmuir demonstrated with the use of
mathematical equations that KL depends on the molar
mass of the sorbate, time, temperature and the number of elementary areas per square meter of sorbent
surface [19]. In other words, the number of sorbed
molecules cannot exceed the number of elementary
spaces (active sites) without the formation of additional layers. However, the forces acting between two
layers of sorbate molecules are usually much smaller
than the forces acting between the sorbent and sorbate. Thus, the higher the value of KL, the greater the
driving force for sorption. In fact, the Langmuir
Equation (Eq. (2)) indicates a positive correlation
between KL and the sorption capacity.
In general, KL values for the sorption of NO3– are
less than 1 L·mg-1. Table 2 shows the values of KL
found in the literature for the sorption of NO3– on
different types of coals. Therefore, based on the KL
values obtained by several authors, the value of KL
obtained in this study (0.1401 L·mg-1) indicates good
affinity and a high-energy sorption process.
The qm values obtained with the Langmuir and
Sips models shown in Table 1 (1.8297 and 1.9311
mg·g-1, respectively) are similar to the experimental qe
value (1.60 mg·g-1). Furthermore, both of these
models fit the experimental data well (R² > 0.99).
Therefore, the Langmuir and Sips models appro-
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priately describe the sorption of NO-3 on modified
GAC with χ2 values of 0.0113 and 0.0095, respectively.
Table 2. qm and KL values for the sorption of nitrate on different
types of coals
Sorbent

KL

qm
mg g

-1

L mg

-1

Ref.
[33]

Sugar beet bagasse charcoal

9.14

0.070

Cationic polymer-modified GAC

27.56

0.048

[34]

Activated carbon

14.25

0.027

[34]

Activated carbon

-3.01

-0.017

[27]

ZnCl2 activated coir pith carbon

10.30

0.096

[09]

Wheat straw charcoal

1.10

-

[35]

Mustard straw charcoal

1.30

-

[35]

Activated carbon

1.22

-

[35]

Activated carbon modified with
CaCl2

1.93

0.140

This
study

Comparing the qm values in the literature (Table
2) with KL and analyzing the relationship between the
Langmuir sorption capacity and energy constant [37]
indicates that sorption may be occurring in several
layers for high values of qm. This notion is supported
by the intensity of KL. In the present work, KL values
are smaller than 0.1401 for large sorption capacities
(qm is 9.14, 27.56 and 14.25 mg·g-1). This result also
demonstrates that the nitrate may be adsorbing in
more than one layer when qm is high and KL is low.
Therefore, the Langmuir model does not apply.
The exponent β in the Redlich-Peterson model
(Eq. (4)) and the exponent γ in the Sips model (Eq.
(5)) given in Table 1 also indicate that these models
approximate the Langmuir isotherm.
Kinectic studies
Sorption kinetics are an important characteristic
for evaluating the efficiency of sorption. The kinetic
behavior of this process was studied at pH 6 and 25
°C using two different initial nitrate concentrations
(Fig. 4). Figure 4, which represents the kinetics of nitrate sorption, indicates that the process occurs in two
phases: an initial rapid phase followed by a slower
phase that ultimately reaches equilibrium.
The initial high rate of nitrate sorption is most
likely due to the greater availability of binding sites
near the surface of the modified GAC. The sorption
capacity increases with an increase in the initial nitrate concentration, but the time required to reach
equilibrium appears to be almost independent of the
initial concentration.
To study the controlling mechanisms of the
sorption process, pseudo-first-order (Eq. (6)) [38,39]
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and pseudo-second-order kinetic rate models (Eq.
(7)) [40], as well as an intra-particle diffusion model
(Eq. (8)) [41] were used to fit the experimental kinetic
data:

log (q e − qt ) = log q e −

k1
2.303

t
1 1
= + t and h = k 2q e2
qt h q e

t

(6)
(7)

where qe (mg·g-1) and qt (mg·g-1) are the amounts of
nitrate adsorbed to the modified GAC at equilibrium
and at different time intervals, respectively. The constants k1 (min-1) and k2 (g·mg-1·min-1) are the pseudofirst-order and pseudo-second-order rate constants,
respectively. The variable h represents the initial
adsorption rate (mg·g-1·min-1). The variable qt is
further defined as:

q t = k pt 2

(8)

where kp is the intra-particle diffusion rate constant
(mg·g-1·min-0.5).

Figure 4. Effect of contact time on nitrate sorption by modified
GAC at two different initial nitrate concentrations.
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Correlations of the kinetic data with the two
above kinetic rate models using different initial nitrate
concentrations yielded linear plots (Figure 5). The
curves for the pseudo-second-order rate model have
higher correlation coefficients (R2 = 0.999 and 0.998)
when compared with the correlation coefficient
obtained from the linear plot of the pseudo-first-order
rate model (R2 = 0.987 and 0.982).
The first order equation did not apply for all
contact times and was only applicable over the initial
0-30 min sorption period. A plot of log (qe–qt) versus
time at different sorbate concentrations (Figure 5)
deviated considerably from the data after a short
period of time. The calculated slopes and intercepts
from the plots were used to determine the rate constant (k1) and equilibrium capacity (qcal). The values of
k1, qcal and the regression coefficient are provided in
Table 3. Figure 5 shows that the Lagergren model fits
quite well for the first 30 min. However, the data
deviate considerably from theory thereafter. In many
cases, the pseudo-first-order rate model does not fit
the entire range of contact time well and is generally
applicable to only the initial stage of the sorption process. A similar trend was observed by Ho and McKay
[39] for dyes on peat particles: The pseudo-first-order
model represented the initial, rapid sorption stages
well but could not be applied for the entire sorption
process.
The best-fit model was selected based on two
criteria: 1) the match between the experimental (qe)
and theoretical (qcal) sorption values, and 2) the linear
correlation coefficient (R2) values for the concentrations tested in this work. The values obtained by the
pseudo-second-order model (Figure 5) agreed well
with experimental data and can be used to explain the

Figure 5. Curve fitting the pseudo-first-order model at different initial nitrate concentrations; curve fitting
the pseudo-second-order model at different initial nitrate concentrations.
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nitrate sorption to modified GAC. The resultant values
from these calculations are given in Table 3.
The intra-particle diffusion approach (Eq. (8))
can be used to predict if intra-particle diffusion is the
rate-limiting step. The data can be represented in
multiple linear plots, revealing that the process is
governed by two or more steps (Figure 6) [42,28]. The
first linear portion (phase I) at both concentrations can
be attributed to the immediate utilization of the most
readily available sorption sites on the sorbent surface.
Phase II may be attributed to the very slow diffusion
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mented the percent removal of nitrate due to an increase in sorbent surface and dosage. Maximum removal was observed between pH 3 and 9. In this range,
75% of the nitrate was removed, indicating that the
sorption of nitrate with CaCl2-modified activated carbon can be accomplished over a wide pH range. The
experimental sorption capacity (qe) was 1.60 mg·g-1,
while the sorption capacity (qcal) was calculated to be
1.93 mg·g-1 using the Sips model isotherm. The Langmuir, Redlich-Peterson and Sips model isotherms
represent the experimental data well. The coefficient
of determination was greater than 0.99 and the Chi-

Table 3. Kinetic parameters for nitrate sorption to modified GAC for different initial nitrate concentrations; kp – intra-particle diffusion rate
constant
ci / mg L-1

st

qe
mg g

nd

Pseudo 1 order
-1

qcal
mg g

R

k1
-1

min

Pseudo 2 order
2

-1

mg g

-1

-1

g mg min

Intra-particle diffusion - Weber and Morris

R2

k2

qcal

-1

kp1×10-2
-1

mg g min

R2
-0.5

kp2×10-2
-1

mg g min

R2
-0.5

10

0.54

0.29

6.1

0.982

0.58

25.8

0.998

9.40

0.978

1.21

0.913

20

0.82

0.67

10.3

0.987

0.85

37.3

0.999

11.82

0.989

0.59

0.917

Figure 6. Weber and Morris intra-particle diffusion plots of sorption of nitrate at different initial concentrations.

of the sorbate from the surface site into the inner
pores. Thus, nitrate sorption to modified GAC may be
initially governed by the intra-particle transport of nitrate controlled by surface diffusion processes and
later by pore diffusion. The values of kp1 and kp2 (diffusion rate constants for phases I and II, respectively)
obtained from the slope of linear plots are listed in
Table 3.

square test statistic was less than 0.1 for these three
models. Finally, it was found that sorption kinetics
obeyed a second order kinetic model.
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SORPCIJA NITRATA NA AKTIVNOM UGLJU
MODIFIKOVANOM SA CaCl2: RAVNOTEŽA,
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NAUČNI RAD

U radu je istraživano izdvajanje nitrata iz vodenih rastvora pomoću granularnog aktivnog
uglja (GAU) koji je modifikovan CaCl2. Uticaj količine sorbenta, početne koncentracije
nitrata i pH je istraživan u šaržnom sorpcionom sistemu. Maksimalna sorpcija se postiže iu
oblasti pH 3-9. Proučavanje uticaka pH je pokazalo da bi mehanizam jonske izmene
mogao biti uključen u ovaj sorpcioni process. Stepen izdvajanja nitrata se povećava sa
povećanjem koncentracije sorbenta, a idealna količina sorbenta je 20 g/L. Od četiri korišćena modela sorpcione izoterme (Langmuir, Freundlich, Redlich-Peterson i Sips), Redlich-Petersonov model je sa najvećim koeficijentom determinacije (0,990) i najboljim hi-kvadrat testom (0,0079). Sorpcioni kapacitet, određen Sipsovim modelom, iznosio je 1,93 mg
nitrata/g sorbenta. Kinetička istraživanja su ukazala da je ova sorpcija brz process, koji
dostiže ravnotežu za 120 min. Pokazano je da model pseudo-drugog reda uspešno fituje
kinetičke podatke. Rezultati ovog rada su demonstrirala potencijalnu primenu mofikovanog
GAU za izdvajanje nitrata iz vodenih rastvora.
Ključne reči: nitrati, izoterme, kinetika, aktivni ugalj, modifikovana površina.
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CFD ANALYSIS AND FLOW MODEL
REDUCTION FOR SURFACTANT
PRODUCTION IN HELIX REACTOR
Article Highlights
• Helix reactor is suitable for slow reactions in surfactants production due to good flow
pattern
• Secondary flow (Dean vortices) in Helix occurs in the laminar regime with Re even
less than 100
• The axial dispersion model represents surfactant laminar flow in Helix better than the
pure convective one
• Number of Helix coils strongly affects the development of (secondary) flow pattern
• Peclet number is considered variable to account for viscosity change and number of
coils effect
Abstract

Flow pattern analysis in a spiral Helix reactor is conducted, for the application
in commercial surfactant production. Step change response curves (SCR)
were obtained from numerical tracer experiments by three-dimensional computational fluid dynamics (CFD) simulations. Non-reactive flow is simulated,
though viscosity is treated as variable in the direction of flow, as it increases
during the reaction. The design and operating parameters (reactor diameter,
number of coils and inlet velocity) are varied in CFD simulations, in order to
examine the effects on the flow pattern. Given that 3D simulations are not
practical for fast computations needed for optimization, scale-up and control,
CFD flow model is reduced to one-dimensional axial dispersion (AD) model
with spatially variable dispersion coefficient. The dimensionless dispersion
coefficient (Pe) is estimated under different conditions and results are analyzed. Finally, a correlation relating the Pe number with the Reynolds number
and number of coils from the reactor entrance is proposed for the particular
reactor application and conditions.
Keywords: CFD simulation, flow pattern analysis, axial dispersion
model, process intensification, batch to continuous.

Fine chemicals and pharmaceuticals are still
dominantly produced in batch operated stirred-tank
reactors. However, global market competition, increase in energy and other production costs, demands for high quality products and reduction of
waste are forcing pharmaceutical, fine chemicals
and biochemical industries, to search for radical
solutions [1-3]. One of the most effective ways to
improve the overall production is transition from
Correspondence: N.M. Nikačević, University of Belgrade, Faculty of Technology and Metallurgy, Karnegijeva 4, 11000 Belgrade, Serbia.
E-mail: nikacevic@tmf.bg.ac.rs
Paper received: 10 October, 2013
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batch to continuous processes. Intensified continuous reactors, e.g., micro/milli-reactors, oscillatory flow, static mixer etc., radically improve mixing
properties and thus allow a reaction to approach its
intrinsic kinetic limits. This directly relates to improved productivity and selectivity and reduction in
energy consumption and waste generation [3-5].
The case of interest is production of commercial surfactants, for which continuous operation is
considered and investigated. The reaction is relatively slow, thus classical continuous tubular reactors would be impractically long for flow regimes,
which provide sufficient heat transfer and narrow
residence time distribution. Furthermore, the commercial manufacturing of the particular surfactant
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requires large capacities, thus microreactors are
not suitable due to their size and numbering-up
issues. Therefore, the selected reactor is TNO
Helix, which is designed as a helicoidal tube (Figure 1). This type of reactor enables very good
radial mixing of fluid, due to the presence of socalled secondary flow – Dean vortices in a spiral
tube, as illustrated in Figure 1 [6,7]. In the Helix,
plug flow is approached with low Re numbers
which correspond to laminar regime in a straight
tube. The Dean vortices enhance mixing enabling
high mass and heat transfer rates [6,7]. Further,
the Helix’s compact design and the use of moderate diameters (cm scale) could provide sufficient
capacities, making it potentially suitable for industrial-scale production.

Figure 1. TNO Helix reactor. Typical construction and an
illustration of the secondary flow (Dean vortices) inside the
helicoidal tube (adapted from ref. [7] with permission).

However, in the case of particular surfactant
production, relatively low Re numbers are to be
applied (lower then 100), since necessary residence times are quite long, and viscosity is rather
high. Furthermore, viscosity increases during the
reaction, thus Re number is decreasing. Moreover,
for moderately low number of Helix coils, which
could be expected for this application, the desired
flow pattern may not be fully developed. For the
reasons listed, the flow pattern in Helix is complex
and may deviate from plug flow, which is investigated in this work via detailed numerical computational fluid dynamics (CFD) simulations. Given
that 3D simulations are not practical for fast computations needed for optimization, scale-up and
control, the goal of this work is to reduce CFD flow
model to one-dimensional axial dispersion (AD)
model with spatially variable dispersion coefficient.
NUMERICAL EXPERIMENTS – CFD SIMULATIONS
OF HELIX REACTOR

The objective is to investigate the flow of
moderately viscous fluid in spiral Helix and to examine the influence of fluid velocity, tube diameter
and number of coils on the radial and axial mixing.
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For this purpose, three-dimensional CFD simulations of surfactant flow in Helix have been performed. It is anticipated that radial mixing is excellent,
due to the presence of secondary flow and Dean
vortices [6,7]. Therefore, the focus is on axial mixing and CFD simulation results are used to extract
step change response curves (SCR). These numerically obtained SCR curves are the base for the
CFD model reduction to one-dimensional AD
model and derivation of Peclet (Pe) numbers – dimensionless axial dispersion coefficients. Further,
the influences of flow conditions (velocity) and
reactor geometry (diameter and number of coils)
are analyzed. Finally, an empirical correlation that
relates Pe numbers with Re and number of coils is
offered, which could be used for one-dimensional
modeling of surfactant production in Helix reactor.
Kinetic viscosity of the reaction mixture for the
surfactant production increases as the reaction
propagates, starting from around 0.008 Pa s and
ending at 0.03-0.042 Pa s. Obviously, liquid viscosity decreases with the increase of temperature.
The change of viscosity along the reactor due to
reaction propagation is taken into account in the
CFD model, through an empirical correlation. The
dependence of viscosity on reactant conversion
and temperature is investigated experimentally.
The apparent viscosity of the reaction mixture was
measured using Brookfiled LVT viscometer in a
stirred tank operating at 30 or 60 rpm. Viscosity
was measured at different reaction conversions,
from 0 to 100%, and different temperatures, from
22 to 70 °C. The Arrhenius type empirical correlation was set:


μ (Z ,T ) = μ0 exp  aZ +


E 
RT 

(1)

where Z is reactant conversion, R is gas constant
and T is temperature. Experimental results have
been used for the estimation of parameters in
gPROMS and resulting values are:

μ0 = 1mPa s, a = 1.51 E = 5229 J/mol
Correlation is validated by the comparison of
calculated and measured viscosities under given
experimental conditions. The agreement is fairly
good, with the average relative error of 9.8% and
standard deviation ranging from 0.001 to 0.007.
Estimation results passed optimization tests – fit
test with weighted residual and correlation matrix.
The results show that predicted viscosity is slightly
overestimated, especially for higher temperatures.
Nevertheless, it can be used with acceptable confi-
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dence for the simulation of the particular flow in the
Helix.
The reaction kinetics is not included in the
CFD model. Nevertheless it is assumed that viscosity is changing along the reactor as in Eq. (1)
and that it reaches the value that corresponds to
100% conversion at the end of the reactor (no
matter how long it is). This assumption implies that
the reactant conversion is changing linearly along
the reactor length and thus at the end of the reactor, full conversion is achieved (Z equals to the
dimensionless position along the reactor, ξ). This is
a rather rough approximation for the reaction propagation, but for viscosity it gives an acceptably
good physical picture. Further, CFD flow analyses
are carried out at isothermal conditions and physical properties at 50 °C are used (density is 989.3
kg/m3). Figure 2 shows the 3D Helix geometry
model and how viscosity changes along the reactors with 3 and 12 coils (windings).
The CFD model is computed using CelSian’s
software package X-stream, with a solver based on
finite volume element method, solving Navier-Stokes
equations in laminar regime (details in references
[8,9]). The grids in the X-stream are 3D multi-block
structured, body-fitted, and the code is fully parallelized [8]. The 3D geometry and mesh is constructed in Gambit, with a dense mesh consisting of
230,000 cells per winding (coil). TNO Helix standard geometry ratios, between tube diameter, coil
diameter and coil pitch have been used [6]. The
current model, geometry and mesh are formulated
on the basis of previously developed Helix models
[9,10]. Overall, 11 numerical experiments are performed. In order to study the influence of the parameters on the flow pattern, different inlet velocities,
tube diameters and number of coils are used,
according to Table 1. Table 1 also presents inlet

(a)
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and outlet Re numbers corresponding to the
chosen velocity, diameter and viscosity (calculated
using Eq. (1)). The conditions have been selected
to cover ranges of Re numbers and reactor lengths
that provide sufficient residence time needed for
the surfactant production. Furthermore, in the
tubes of different diameters, flow similarity is kept
(same Re number profiles), which would be a
reasonable scale-up strategy.
Table 1. Conditions for CFD 3D simulations of the flow pattern
in Helix reactor
Diameter
mm

No. of
coils

1

16

3

5

13.5

2

16

3

7.5

20.2

4.4

3

16

3

10

27.0

5.9

4

16

3

15

40.5

8.9

5

16

3

30

81.0

17.7

6

5

3

31.4

27.0

5.9

7

50

3

3.1

27.0

5.9

8

16

6

10

27.0

5.9

Exp.No.

Inlet velocity
Inlet Re Outlet Re
uav / mm s-1
3.0

9

16

9

5

13.5

3.0

10

16

12

10

27.0

5.9

11

50

6

3.1

27.0

5.9

As mentioned above, the goal is to obtain
step change response curves out of the CFD simulations. Thus, numerical dynamic tracer experiments are performed with a step change in concentration of the “tracer” (from 0 to 1) at the inlet.
Obviously, the “tracer” has identical physical properties as the “basic” fluid, for which stationary flow
simulation was done before the introduction of the
tracer (initial conditions). After the step change,
concentration of the tracer is registered in time at
the reactor exit, for each experiment. Figure 3 presents selected cross-section profiles of tracer con-

(b)

Figure 2. Viscosity profile for the surfactant production in Helix with: a) 3 coils, b) 12 coils.
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centrations at the exit, at the theoretical mean
residence times of the tracer (= L/uav).
Concentration fields in Figure 3, as assumed,
confirm existence of the secondary flow, visible in
the graph, even with low Re numbers and laminar
flow conditions. Comparison of Figure 3a and b
show that higher inlet velocities (higher Re) create
the secondary flow (Dean vortices) more intensively, as it may be expected. Figure 3c demonstrates that a high number of coils (12) provides
much more homogeneous concentration field than
the Helix with 3 coils (Figure 3b). Thus total number of coils in Helix appears to be an important
factor. Concentration fields in Figure 3d and e are
almost identical, which proves that a coil diameter
does not influence the mixing, if the same Re profiles are applied at different scales. Comparison of
subplots 3f and 3e confirms that a higher number of
coils (6 against 3, for the same flow conditions and
diameters) provides more effective radial mixing.
As the objective of the work is to offer a onedimensional flow model, further analysis concentrates on axial dispersion, which would lump the
non-ideality of the flow. Therefore, SCR curves (F
curves), as the responses on step change at input,
are obtained at the exit, for each experiment. F
curves are also gathered at more axial positions
through the reactor (every half of a coil, after a first
coil) in order to get more information. F curves are
obtained by spatial cross-section averaging of the
tracer fraction at a certain point. Figure 4a and b
present F curves obtained from CFD simulations
for all 11 experiments, at the outlet of the reactors.
The S-shape curves presented in Figure 4 confirm
a) exp. 2

d) exp. 6

d) exp. 6

b) exp. 5

e) exp. 7

e) exp. 7
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that there is considerable axial mixing, and that
axially dispersed plug flow model could be suitable
for the flow model reduction.
CFD MODEL REDUCTION TO AD MODEL WITH
VARIABLE DISPERSION COEFFICIENT

Numerically obtained (CFD) F curves have
been used for estimation of the axial dispersion
coefficient (D) and corresponding dimensionless
mixing number – Peclet (Pe) number – for the axial
dispersion plug flow model. The higher the Pe
number, the less axial mixing is present and the
flow approaches the ideal plug flow pattern. Further
on, the influences of flow conditions and reactor
design characteristics on estimated Pe numbers
are analyzed. As demonstrated earlier, spiral design
of tubes facilitate plug flow pattern behavior. However, for relatively small number of coils and low
velocities characteristic for this study, it is anticipated that axial dispersion decreases along the
tube as the fluid passes through the coils. Further,
the viscosity increases along the reactor, thus the
Pe number is considered to be axially variable.
The dynamic material balance for a tracer is
set and Pe numbers are estimated at different positions, for different experimental conditions. For any
given experiment j characterized by a superficial
fluid velocity (uav), given measurement point k
characterized by a certain length from the reactor
inlet (Lk), the tracer material balance is:
∂X j,k
∂t

=−

u av,j ∂X j,k D j,k ∂X j,k
+ 2
Lk ∂ξ
Lk ∂ξ

(2)

c) exp. 10

f) exp. 11

f) exp. 11

Figure 3. Tracer concentration profiles at the Helix exit at the theoretical mean residence times; experiments: a) 2, b) 5, c) 10, d) 6 , e) 7
and f) 11 (conditions given in Table 1).
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a)

b)

Figure 4. Step change response curves (F) for Helix reactor obtained from CFD 3D simulations, under different conditions presented in
Table 1: a) experiments 1-6,8, b) experiments 7,9-11.

Pe j,k =

u av,jLk
D j,k

(3)

For the axial dispersion model, Danckwerts’
boundary conditions are applied. For step change
at reactor inlet, the condition is:
X j,k,in = 1 +

D j,k ∂X j,k,in
u av,jLk ∂ξ

(4)

For the reactor exit, the boundary condition is:
∂X j,k,out
∂ξ

=0

(5)

The axial dispersion coefficient (Eq. (2)) and
subsequent Pe number (Eq. (3)) are estimated
after the inlet zone, where the flow pattern is still
not developed to be represented by plug flow with
axial dispersion. This inlet zone spreads to the end
of the first coil. Parameter estimations are done in
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more effects on Pe number than Re number. This
is more evident in Figure 5b where the Pe numbers
for three experiments with the same inlet velocity
(10 mm/s), and diameter, but different total number
of coils, are presented. It is visible from Figure 5b
that the Pe number increases down the reactor,
even though the Re number is decreasing. It
should be noted that the reactor inlet corresponds
to higher Re numbers (right hand side of the plot).
The influence of the axial position from the
inlet and number of coils on the Pe number is also
displayed in Figure 5c. In this figure, the line connects experiments with the same velocity at the
same reactor diameter (16 mm). Figure 5c demonstrate a sharp rise of the Pe number with the increase in the number of coils – positions from the
inlet. Almost all experiments follow the same trend.
Only the results for experiment 9 deviate significantly and Pe numbers were unexpectedly high.

gPROMS software, using specific toolbox for parameter estimation (dynamic optimization program).
Overall, 78 Pe numbers were estimated from 11
experiments, under the conditions given in Table 1.
All estimations passed necessary optimization
tests (fit test with weighted residual, t-value confidence test, variance-covariance matrix) and the standard deviations were in the range from 0.62 to 0.9.
The estimated Pe numbers are presented in
Figure 5a–d. In Figure 5a, Pe numbers are plotted
against Re numbers for the first five experiments,
with the same diameter (16 mm) and total length of
3 coils. The lines connect Pe numbers at different
positions along the reactor – after 1 coil, after 1.5
and so on. It is noticeable that the Pe number
slightly increases with the increase of the Re number. To reiterate, Re numbers are decreasing along
the reactor due to the increase of viscosity. Figure
5a also shows that the distance from the inlet has

a)

b)

19.00

27.00

N= 1

3. u = 0.01 m/s, N = 3

N = 1.5

17.00

8. u = 0.01 m/s, N = 6

N= 2

22.00

N = 2.5

15.00

10. u = 0.01 m/s, N = 12

13.00

Pe

Pe

N= 3

17.00

11.00

12.00
9.00

7.00
0.00

20.00

40.00

60.00

80.00

7.00
0.00

100.00

5.00

10.00

15.00

c)

25.00

30.00

35.00

5

6

7

d)
19.00

6. u = 0.031 m/s, d = 5 mm, N = 3

27.00

3. u = 0.01 m/s, d = 16 mm, N = 3
7. u = 0.0031 m/s, d = 50 mm, N=3

17.00

8. u = 0.01 m/s, d = 16 mm, N = 6
11. u = 0.0031, d = 50 mm, N = 6

22.00

15.00

1. u = 0.005 m/s

17.00

Pe

Pe

20.00

Re [-]

Re [-]

2. u = 0.0075 m/s

13.00

3. u = 0.01 m/s

11.00

4. u = 0.015 m/s
5. u = 0.03 m/s

12.00

8. u = 0.01 m/s, N = 6

9.00

9. u = 0.005 m/s, N = 9
10. u = 0.01 m/s, N = 12

7.00
0

2

4

6

8

10

Position - number of coils

12

14

7.00
0

1

2

3

4

Position - number of coils

Figure 5. Estimated Pe numbers vs. Re numbers (a and b) and vs. position along the Helix (c and d). a) Lines connect different positions
in the three-coil reactors. b) Lines connect positions in different reactors - inlet is on the right hand side (same diameter, different number
of coils). c) Lines connect positions along the reactor (same diameter, different inlet velocities). d) Lines connect positions along the
reactors of different diameter and number of coils.
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Since these Pe numbers fall far out of the region of
the other experimental values they were not considered for deriving the Pe number empirical correlation.
The influence of reactor diameter can be analyzed with plots in Figure 5d, which displays Pe
numbers vs. position along the reactors of different
diameters (5, 16 and 50 mm) and two total numbers of coils (3 and 6). The inlet velocities in different-sized reactors are set to give the same Re profile in reactors (flow similarity). It can be seen that
the diameter has modest influence, if the same Re
number profile is applied at different scales. This
figure also demonstrates that the influence of the
position from the inlet diameter is the most significant factor. Therefore, a reactor diameter will not be
included in the Pe number correlation directly, as it
has a minor influence. Obviously, it is included in
the Re number, thus appearing indirectly.
The presented analysis results in a dimensionless “empirical” correlation for Pe number,
which is variable along the reactor position (ξ). It
relates the Pe number with the axially variable Re
number and the number of coils from the inlet. A
non-linear regression was performed in MATLAB
and the resulting correlation is:
Pe(ξ ) = 6.42Re(ξ )0.07 N (ξ )0.45

(6)

The number of coils, N, is related with the
position, for a standard design of Helix reactor, as:
N (ξ ) =

ξL
12π d

(7)

where d is reactor diameter and L is overall reactor
length. Reynolds number is calculated as usual:
Re(ξ ) =

ρu avd
μ (ξ )

(8)

where ρ is the average density, and viscosity
depends on axial position (conversion) as defined
in Eq. (1). The correlation holds for the following
range of variables 3 < Re < 80, 1 < N <12 and 5 <
< d < 50 mm. In an overall reactor model, the Pe
number for a first coil needs to be calculated as well.
Therefore, for the first coil, Eq. (6) is reduced to:
Pe(ξ ) = 6.42Re(ξ )0.07

(9)

The correlation has an R2 value of 0.97, average relative error of around 7% and standard deviation of 4.2, and it is also validated by simulations.
The flow through Helix was simulated using AD
model defined in Eqs. (2)-(5) with variable Pe number, calculated by Eqs. (6) and (9) under particular
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experimental conditions. The resulting F curves
were then compared with experimental CFD curves.
Moreover, additional F curves were calculated
using a pure convective laminar flow model (CON)
in order to compare models and to justify the
choice of the axial dispersion model. The pure convective model would be suitable for the particular
surfactant flow in a straight tube, as the viscosity is
considerably high, molecular diffusion coefficient is
rather low and Re numbers are in laminar regime
[11]. However, the presence of the secondary flow
in the Helix ensures good radial mixing and thus
the following analysis demonstrates that convective flow model is less accurate than AD model. The
simple equations for F curve calculation according
to CON model can be found in ref. [11].
Selected results for RTD curves are presented in Figure 6a–c. Figure 6a shows the comparison of F curves for three experiments performed in the same sized reactor (d = 16 mm, N = 3).
So-called experimental curves (numerical CFD 3D)
are plotted with dashed lines and labeled as 3D.
The agreement between experimental curves and
simulated curves using Pe correlation and AD
model (solid lines, labeled as AD) is good for all
experiments. Convective laminar flow model was
presented for experiment 1 (dashed-point line,
labeled CON). It can be seen that the AD model
predicts the flow pattern better, especially after the
initial period. At the beginning of RTD curve, the
AD model predicts more axial mixing then it was
obtained through rigorous CFD simulation. In this
region, the convective flow model fits better, however, after that it considerably deviates from the
CFD curve.
Similar trends are demonstrated in Figure 6b,
where the results for three experiments are presented. Again, a 16 mm dimeter reactor is simulated, with the same inlet velocity, but different
lengths (number of coils: 3, 6 and 12). Figure 10
demonstrates that agreement between AD model
simulations and rigorous 3D model simulations is
acceptably good. The discrepancy increases for
the longer reactors, with more coils, where reduced
AD model predicts more axial mixing than 3D
model. This is a conservative result and as such
can be accepted for the overall reactor modeling,
especially as the discrepancy for the CON model is
much higher, as it can be seen in Figure 6b.
Good agreement between reduced AD model
and full 3D simulations are demonstrated for larger
size Helix in Figure 6c. Again, the agreement is
decreasing for the larger number of coils. In con-
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b)

c)

Figure 6. Comparison of F curves obtained from CFD simulations (label 3D), reduced AD model (label AD) and pure convective laminar
model (label CON). a) Same reactor size (diameter and number of coils) and different velocities are used. b) Same reactor diameter (16
mm) and velocity, different number of coils are used. c) Same reactor diameter (50 mm) and velocity, different number of coils are used.

clusion, this graph proofs that the correlation (6)
can be used for a prediction of a flow pattern in
different sized Helix reactors (within investigated
diameters), which is important information for
scale-up.
CONCLUSIONS

The Helix reactor could be suitable for slow
reactions, characteristic for fine chemical and pharmaceutical industries, as it exhibits good radial
mixing with low superficial velocities, which correspond to laminar regime. In the case of surfactant
production, with changeable viscosity during the
42

reaction and low Reynolds numbers, CFD simulations of Helix demonstrated that there is still considerable axial mixing. The detailed CFD model
was approximated with one-dimensional axial dispersion (AD) model, with spatially variable Peclet
number. The Pe numbers, estimated from CFD
results, depend significantly on the number of the
coils from the entrance (N) and slightly on Re number. The first effect is caused by the slow formation
of Dean vortices as the fluid passes through the
coils. A correlation for Pe dependence on Re and
N is proposed (holds for N < 12 and Re < 100). The
investigation showed that, if Re profiles are kept
constant at different scales (diameters 5–50 mm),
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the flow pattern would stay the same, which is an
important fact for scale-up. The correlation is verified by the comparison with CFD obtained F curves.
The comparative analysis confirmed that AD model
outperforms a pure convective flow model, which is
suitable for surfactant flow in straight pipes.
Nomenclature

a

coefficient for viscosity dependence on reactant conversion, Eq. (1)
D axial dispersion coefficient (m2/s)
d reactor diameter (m)
E coefficient for viscosity dependence on temperature (J/mol), Eq. (1)
F step change response curve, fraction of a
tracer at the output
L reactor length (m)
Pe dimensionless axial dispersion coefficient,
Peclet number, Eq. (3)
R universal gas constant (J/molK)
Re Reynolds number, Eq. (8)
T temperature (K)
t
time (s)
uav average superficial velocity (m/s)
X tracer dimensionless concentration, tracer
fraction
Z reactant conversion

Chem. Ind. Chem. Eng. Q. 21 (1) 35−44 (2015)

k
measurement k at different positions along the
Helix reactor
in inlet
out outlet
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CFD ANALIZA I REDUKCIJA MODELA STRUJANJA
ZA PROIZVODNJU SURFAKTANTA U HELIX
REAKTORU
U radu je ispitivan način i slika strujanja fluida u spiralnom Helix reaktoru, za primene u
komercijalnoj proizvodnji surfaktanta. Krive odziva na stepenastu promenu trejsera su
dobijene pomoću numeričkih eksperimenata korišćenjem rigoroznih metoda kompjuterski
simulirane dinamike fluida (CFD) u trodimenzionalnom (3D) modelu. Simuliran je inertni
tok bez hemijske reakcije, ali je viskozitet uzet kao promenjiva u pravcu strujanja, u skladu
sa njegovim povećanjem tokom odvijanja reakcije (eksperimentalno određena zavisnost).
Geometrijske karakteristike i radni uslovi (prečnik reaktora, broj zavojnica i ulazna brzina)
su varirani u CFD simulacijama, kako bi se ispitali njihovi efekti na sliku strujanja. S
obzirom na to da su 3D simulacije spore, te neupotrebljive za brze proračune koje se
koriste u optimizaciji, uvećanju razmera i upravljanju, CFD model strujanja je redukovan u
1D model aksijalne disperzije (AD) sa promenjivim koeficijentom disperzije u pravcu toka.
Bezdimenzioni koeficijent aksijalne disperzije – Peclet broj (Pe), je određen na osnovu
numeričih eksperimenata. Na osnovu rezultata i analize, predložena je korelacija koja
povezuje Pe broj sa Reynolds brojem i brojem zavojnica od ulaza u reaktor, koja se može
efikasno primeniti za dati hemijski sistem u ispitivanom opsegu geometrijskih i radnih
uslova.
Ključne reči: CFD simulacije, analiza slike strujanja, model aksijalne disperzije,
intenzifikacija procesa, prevođenje šaržnih u kontinualne procese.
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OXIDATIVE CARBONYLATION OF PHENOL TO
DIPHENYL CARBONATE BY Pd/MFe2O4
MAGNETIC CATALYST
Article Highlights
• MFe2O4 spinel ferrites were prepared by the sol-gel process as the catalysts supporter
• Pd/MnFe2O4 showed higher catalytic activity than other Pd/MFe2O4 catalysts
• The oxygen deficiency and ion transference influences the catalytic activity
• The Pd/MnFe2O4 catalyst showed well superparamagnetic behavior with high saturation magnetization
• The Pd/MnFe2O4 catalyst may be applied to the magnetically stabilized bed reactor
Abstract

In order to screen one suitable catalyst for magnetically stabilized fluidized bed
(MSFB) reactor in the process of oxidative carbonylation of phenol to diphenyl
carbonate (DPC), Pd/MFe2O4 catalysts were chosen, then prepared and characterized by XRD, H2-TPR, XPS and vibrating sample magnetometer (VSM).
Compared to the other metal ion doped spinel ferrite catalysts, the catalytic
activity of Pd/MnFe2O4 was much higher, which the single pass yield of DPC
reached 33.12% with selectivity above 99%, and turnover frequency (TOF)
reached 70.56 molDPC·(molPd·h)-1. The result showed that the formation of
the ferrite oxygen-deficient and ion transference in the ferrites was in favor of
the catalytic activity. When the support MnFe2O4 was calcinated at 500 °C, the
saturation magnetization of the obtained catalyst Pd/MnFe2O4 came up to 43.1
A·m2·kg-1. With good magnetic property and brilliant catalytic activity the catalyst Pd/MnFe2O4 may suite for industrial experiments in MSFB reactor in future.
Keywords: magnetic catalyst; oxidative carbonylation; diphenyl carbonate; spinel ferrite.

Diphenyl carbonate, as an important green chemical intermediate, is commonly used to synthesize
polyaryl carbonate, mono-isocyanate and hydroxybenzoic acid polyester, especially in producing high
quality polycarbonates (PC) from bisphenol A by the
melt transesterification method [1-3]. There are
several methods to synthesize DPC: the phosgene
method, transesterification method, oxidative carbonylation method, the direct synthesis method uses
carbon dioxide as the raw material, and the alcoholysis method, which uses urea as the raw material
[4]. However, in the current search for environmentally benign and sustainable processes, oxidative carCorrespondence: Y. Wu, Key Laboratory for Green Chemical
Process of Ministry of Education, Wuhan Institute of Technology, Wuhan, 430073, PR China.
E-mail: wyx@mail.wit.edu.cn
Paper received: 20 January, 2014
Paper revised: 21 February, 2014
Paper accepted: 5 March, 2014

bonylation method is a promising alternative in industrial application that avoids the use of phosgene in the
one-step synthesis of diphenyl carbonate (DPC).
Since oxygen is used as final oxidant, the only waste
product is H2O.
Compared to homogeneous catalysts, the advantage of easy separation for solid catalysts is very
attractive. Thus, improving catalysis activity and decreasing the intraparticle diffusion resistance is essential for heterogeneous catalysts to substitute homogeneous catalysts in DPC synthesis. Generally, the
industrialized reactors were continuous equipments in
order to get high efficiency. However, the reaction
device for synthesizing DPC by the oxidative carbonylation method was only limited in stirred tank reactor and the continuous industrialized device has not
yet been reported. Eishin [5] gave their reactor sketch
based on palladium loaded composite solid support
catalyst. Our group pioneer professor Wu [6] has rep-
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orted the heterogeneous oxidative carbonylation synthesis of DPC in fixed bed as an engineering basic
research, but the yield of DPC was low. Considering
the intraparticle diffusion resistance, the MSFB reactor which can strengthen mass-transfer and reduce
the inhibitory effect of diffusion resistance on the yield
was considered. The MSFB reactor has been used in
catalytic hydrogenation [7], dust removal, dry coal
separation, and biochemical separation. MSFB has
emerged as the major reactor in the caprolactam
hydrorefining process in China. Five industrial units of
200–400 kt/a production capacity have been built
since 2003 [8]. The system of synthesis DPC by the
oxidative carbonylation method was very similar to
the process of caprolactam hydrorefining, which uses
the amorphous Ni catalyst, because both of them
were G-L-S three-phase reacting system and the
reaction condition were at high temperature and pressure. Our team has explored the use of the MSFB
reactor to synthesize DPC by the oxidative carbonylation method.
In order to make a good magnetic response to
the applied magnetic field in MSFB, the catalyst
loaded in MSFB should have a good magnetic property besides excellent catalytic activity. Spinel ferrite
is a composite oxide mainly based on Fe, which has a
crystal structure similar to spinel, MgAl2O4. Such compounds have a stable crystal structure, good magnetic property and efficient catalytic performance.
When metal ions with different radii and charges were
doped into the lattice system, the distribution of the
original cations in the crystal lattice would change significantly, then the redox capacity and magnetic properties of the material were largely affected [9]. To the
best knowledge of investigators, no systematic study
of using ferrites as oxidation carbonylation catalyst
supporters reported. Therefore, in the present work,
using Pd/MFe2O4 magnetic catalyst to synthesis of
DPC by oxidative carbonylation method from phenol
has been carried out.

decomposed at 200 °C until a dry gel was formed.
The residual precursor was calcined in air at 500 °C
for 2 h to obtain the spinel-type ferrites.
Then the catalysts were prepared by the precipitation method. Typically, 0.042 g PdCl2 was dissolved in 50.0 ml aqueous solution and the pH value
was adjusted to 1.0 by addition of hydrochloric acid.
5.0 g spinel ferrite supporter was dipped into the
PdCl2 solution in order to have a palladium mass
loading of 0.5%. After stirring for 30 min, the solution
was adjusted to get a pH value equal to 10.0 by
addition of 0.5 mol/L sodium hydroxide solution
slowly, then stirred for 30 min. The solid was separated by filtration, dried at 80 °C overnight and
calcined in the resistance furnace at 300 °C for 3 h,
producing Pd/MFe2O4 the powdery catalysts.

EXPERIMENTAL

Activity evaluation of catalyst

Preparation of catalyst

DPC synthesis by oxidative carbonylation of
phenol was carried out in a 250 ml stainless steel
autoclave equipped with a mechanical stirrer, which
was pre-filled with 50 ml dichloromethane, 1.0 g catalyst (Pd in the catalyst = 0.046 mmol), 80 mmol phenol, 3.0 mmol (C4H9)4NBr (tetrabutylammonium bromide, TBAB), 4 mmol hydrochinone, and 2.00 g of 4A
molecular sieve used as drying agent. Then oxygen
and carbon monoxide were introduced into the autoclave to the reaction pressure (5 Mpa) with the oxygen content was about 5.0%. The reaction was car-

Spinel ferrites MFe2O4 (M = Co, Ni, Cu, Zn or
Mn) supporters were prepared by the sol-gel method.
Stoichiometric amount of M(NO 3 ) x ·n H 2 O and
Fe(NO3)3·9H2O powers were homogeneously mixed
with suitable amount of deionized water. The citric
acid as the complexing agent was then added to the
metal nitrate solution in a mole ratio (total metal
ion:citric acid) of 1:1. The resulting solution was evaporated to dryness, and then the precursors were
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Characterization of catalyst
The phase identification and crystalline structure
analysis were determined by X-ray diffraction (XRD)
on a PANalytical X’Pert Pro X-ray diffractometer with
high-intensity CuKα radiation (λ = 0.154056 nm).
Temperature-programmed reduction (TPR) experiments were performed in a quartz reactor using a
thermal conductivity detector (TCD) as detector on
Micromeritics AutoChem2920 instrument. In each
analysis, 50 mg samples were pretreated with helium
gas by increasing the temperature from ambient
temperature up to 800 °C at 10 °C·min−1. Then 10%
H2/Ar mixture at 45 ml·min−1 was used and the temperature was increased at 10 °C·min−1 from ambient
temperature to 900 °C. The chemical shift and
valence of element on surface were studied by X-ray
photoelectron spectra (XPS) in a Perkin-Elmer PHI
1600 ESCA system with Mg Ka X-ray radiation
(1253.6 eV, 150 W). The binding energies (BEs) were
calibrated using the C1s peak at 284.6 eV. The magnetic properties of the samples were measured at
room temperature using a HH-10 vibration sample
magnetometer (VSM) manufactured by Nanjing University, China.
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ried out for 4 h at 100 °C at a stirring speed of 750
rpm. At the end of the reaction the autoclave was
cooled to room temperature and weighed. The reaction products were identified and quantified by gas
chromatography with a flame ionization detector (FID)
detector (GC4000A of EAST&WEST Analytical Instruments, China).

MFe2O4 to the formation of deficient ferrite [11,12]
MFe2O4-δ (δ > 0), was located around 300 to 500 °C.
As Mn, Ni, Co and Zn are doped into the sample
separately, the initial reduction peak temperature of
the corresponding spinel ferrite increased in turn. The
second peak was relatively near the first one, which
was attributed to the reduction of MO-FeO solid
solution. The third peak was relatively broad and very
intense. Its position was around 600 °C and the intensity was not affected by the M chemical element
species because it is attributed to the reduction of
FeO to α-Fe. The comparison of the curves of all
MFe2O4 samples indicated that copper and manganese were reduced easily at an intermediate temperature between those of CuO and Mn2O3 reductions. This phenomenon was in agreement with the
work of Reddy [13] who studied the CuFe2O4 and
MnFe2O4 spinel ferrite. It should be noted that, in all
cases, the reduction temperature of MnFe2O4 was
lower than other chemical element (Zn, Ni, Co) species spinel ferrite in this study. The lower the initial
reduction peak temperature was, the easier the
sample would change into oxygen deficient ferrite
MFe2O4-δ [14]. Thereby, the doping of metal ions
played a significant role in the oxygen deficiency
property of corresponding ferrite. As the metal ions of
Cu, Mn, Ni, Co and Zn were doped in separately, the
difficulty was that the corresponding ferrite MFe2O4
came into oxygen deficient ferrite MFe2O4-δ grew in
turn. The fact that the reduction was easier in the
MFe2O4 supporter combinations demonstrated that
there was an increase of the catalyst network oxygen
mobility and improvement of the catalytic activity.

RESULTS AND DISCUSSION
Catalytic performance analysis of spinel ferrites
doped with different metal ions

XRD and H2-TPR characterization
Figure 1a shows the XRD patterns of spinel ferrites MFe2O4. Compared with the standard JCPDS
card, all the diffraction peaks of the samples were
consistent with the standard diffraction peaks (2θ
30.2, 35.4, 43.1, 53.5, 56.9 and 62.5°) besides a few
impurity peaks. Thus, we canconclude that the
obtained samples were spinel ferrites with high-purity
crystalline phase when prepared under current experimental condition.
Since the oxidation cycle regeneration efficiency
of the active Pd source is the key factor in the catalytic reaction, the oxides supporters must be activated in a reducing atmosphere. In order to study this
activation process, the reducibility of MFe2O4 systems
was examined by temperature-programmed reduction
and the reduction profiles are displayed in Figure 1b.
Figure 1b shows that the initial reduction peak
temperature of CuFe2O4 was the lowest. Generally, it
was believed that the first peak attributed to the Cu2+
reduction under hydrogen leaded to copper metal and
resulted in the lowest temperature peak around 220
°C [10]. TPR curves of other MFe2O4 were similar and
characterized by the presence of three peaks. The
first peak, which was attributed to the reduction of

XPS characterization
XPS spectra showed further information on the
structure of different irons doped Pd/MFe2O4 catalysts. Figure 2a showed that no change in binding

Figure 1. X-ray diffraction (XRD) patterns (a) and H2-TPR profiles (b) of the different iron doped ferrites
(MFe2O4, M = Ni, Zn, Co, Cu or Mn).
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Figure 2. XPS Spectra of Pd3d (a) and O1s (b) for different iron doped ferrites catalysts (Pd/MFe2O4, M = Ni, Zn, Co, Cu or Mn).

energy of Pd species. The Pd3d binging energies at
337.0 and 343.0 eV (which correspond to the Pd2+)
were almost the same in every loaded spinel ferrite
samples.
The corresponding spectra of oxygen species
were presented in Figure 2b. From the figure we can
see two photoemission peaks which correspond to
two distinct oxygen species presented in all the
samples. The line with low binding energy (about
529.5 eV) was attributed to the crystal lattice oxygen
(O2–), and the high binding energy (about 531.3 eV)
was attributed to strongly adsorbed molecular oxygen
(O2) [15]. With the Mn doped spinel ferrite catalyst,
the lattice oxygen content decreased relatively and
crystal defect greatly increased. Due to the defects of
the lattice oxygen, large amounts of oxygen vacan-

cies were produced and the adsorption of oxygen
increased in the crystal phase. The reducibility of the
MFe2O4 supporters was closely related to the reactive
oxygen species on its surfaces. Therefore, the
MnFe2O4 spinel ferrite supporter might possess well
low-temperature oxidation performance than the other
metal ion doped spinel ferrite supporters, which was
in accordance with the results of H2-TPR. The content
of Pd2+ and the proportion of different oxygen species
derived from fitted O1s spectrum are displayed in
Table 1.
Selected XPS spectra of Fe2p and Mn2p corelevel photoemission peaks for Pd/MnFe2O4 sample
were shown in Figure 3. Very similar spectra of Fe2p
were obtained for the other samples. In Figure 3a
shown that the Mn2p3/2 and Mn2p1/2 core-level peaks

Table 1. Pd and different oxygen species content on different catalysts
Pd 3d and oxygen species content, %

Catalyst
Pd/CoFe2O4

Pd/NiFe2O4

Pd/CuFe2O4

Pd/ZnFe2O4

1.61

1.85

1.48

1.79

2.0

O

48.64

47.48

49.66

45.21

38.32

O2

0.38

0.41

0.35

0.32

19.78

Pd
2-

Figure 3. XPS Spectra of Mn2p (a) and Fe2p (b) for Mn doped ferrite catalyst (Pd/MnFe2O4).
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were centered at 641.5 and 653.0 eV. Thus, the
Mn2p3/2 peak was observed between those of MnO
(641 eV) and Mn2O3 (641.6 eV) and the energy separation between the Mn2p3/2 and Mn2p1/2 states was
11.5 eV [16]. The peak positions and the intensity
ratio of Mn2p3/2 and Mn2p1/2 could infer that the
manganese was existed as Mn2+ and Mn3+/Mn4+
states in the synthesized catalysts.
Accord to the reference [17], the Fe2+2p3/2 peak
at 709.5 eV was always associated with a satellite
peak at 6.0 eV above the principal peak whereas
Fe3+2p3/2 peak at 711.2 eV was associated with a
satellite peak at 8.0 eV. From Figure 3b for the Mn
doped ferrite catalyst, the binding energy values of
Fe2p3/2 were observed at 711.2 and 709.7 eV, and
distinct satellite peaks were observed at around 8.0
and 6 eV above the main peak. So it could confirmed
that the presence of Fe3+ and Fe2+ state in the
sample. This was in accordance with the XRD results.

to fill the absence of oxygen [18]. Meanwhile, the
more stable the ferrite, the stronger its reduction capability. So the oxidation cycle regeneration efficiency
of the active palladium source could be affected
greatly by the occurrence of oxygen deficiency.
Namely, the more easily the oxygen deficiency occurred, the more efficient the oxidation cycle regeneration of the active palladium source, and the higher
the activation of the corresponding catalyst were. So
as Cu, Ni, Co and Zn were doped separately, their
yields of DPC decreased in turn, which was accordance with the order of H2-TPR result above.
According to the redox potential theory, when
the high valence ion oxidizes Pd0 to the active component Pd2+, the reduced low valence ion must be
oxygenized rapidly to a high valence ion. Considering
the redox potential of these samples with different
ions doped in, the only one between ϕPd2+ /Pd0 (0.99
eV) and ϕO2 /H2 O (1.23 eV) was MnO2/Mn2+ which lying
in the support of MnFe2O4, was exactly 1.224 eV.
From the XPS results, the existence of high valence
manganese was confirmed. Considering that Mn3+
was more easily oxidized by oxygen than Mn2+, the
existence of high valence manganese benefited the
ion transference in support and the oxidation cycle
regeneration of the active palladium, which improves
the catalytic efficiency of the catalyst. As a result, with
the coaction of oxygen deficiency and the ion transference of the high valence manganese in the
MnFe2O4 support, the catalyst Pd/MnFe2O4 had the
highest catalytic activity. Accordingly, the possible
reaction mechanism oxidation carbonylation of phenol
to DPC over the supported catalyst Pd/MnFe2O4 is
shown in Scheme 1.

Results and discussion of activation evaluation
As shown in Table 2, the catalytic activity of
catalyst Pd/MnFe2O4 was the highest compared with
other metal ion doped spinel ferrites catalysts. As Cu,
Ni, Co and Zn were doped separately, the catalytic
activity of the corresponding catalysts decreased in
turn. According to the mechanism of the oxidative
carbonylation reaction of phenol to DPC, the oxidation
cycle regeneration efficiency of the active palladium
source was the key factor in the entire catalytic reaction. It is generally believed that the performance of
the ferrite oxide meets the Mars-Van-Krevelen redox
mechanism in the catalytic reaction. Therefore, it can
be inferred that, in the procedure of the oxidation
cycle regeneration of the active palladium, the lattice
oxygen in the ferrite support first affected on Pd0,
oxygenized the inactive reduced Pd0 into Pd2+ and at
the same time the support was reduced to oxygen
deficient ferrite MFe2O4-δ. Furthermore, the oxygen
deficiency in the crystal could absorb gaseous oxygen
in the gas phase and weaken the chemical bonds,
which can activate the adsorbed oxygen. Thus, the
oxygen deficient ferrite MFe2O4-δ would be oxygenized into ferrite MFe2O4 by the active adsorbed
oxygen. In addition, it is believed that, due to the instability of the crystal lattice structure caused by lattice
defects, oxygen deficient ferrite needs to capture O2–

Scheme 1. Reaction mechanism for Pd/MnFe2O4 catalyzed
oxidative carbonylation of PhOH to DPC.

VSM Characterization
The hysteresis loops of the catalyst Pd/MnFe2O4
was characterized by VSM at room temperature. As
shown in Figure 4, the remanent magnetization and

Table 2. Catalytic performance of the different iron doped catalysts (Pd/MFe2O4)
Catalytic performance
Yield of DPC, %
Selectivity of DPC, %
TOF, mol DPC·(mol Pd·h)

-1

Pd/NiFe2O4

Pd/ZnFe2O4

Pd/CoFe2O4

Pd/CuFe2O4

Pd/MnFe2O4

3.77

0.42

0.70

16.04

33.12

98.45

99.05

99.31

98.89

99.12

8.03

0.8825

1.49

34.17

70.56
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coercivity of the catalyst was low, indicating that the
sample was in line with the properties of the soft
magnetic material. Moreover, the specific saturation
magnetization of the catalyst was over 10 A·m2·kg-1
(exactly 43.1 A·m2·kg-1), which could meet the
requirements of the specific saturation magnetization
of the magnetic particles applied in MSFB [8].

Chem. Ind. Chem. Eng. Q. 21 (1) 45−51 (2015)

With good magnetic property and excellent catalytic
activity, the catalyst Pd/MnFe2O4 may be well suited for
industrial experiments in MSFB reactors in the future.
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CONCLUSIONS
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OKSIDATIVNA KARBONILACIJA FENOLA DO
DIFENIL KARBONATA POMOĆU Pd/MFe2O4
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NAUČNI RAD

U cilju skrininga pogodnog katalizatora za reaktor sa magnetno stabilisanim fluidizovanim
slojem (MSFB) u procesu oksidativne karbonilacije fenola do difenil-karbonata (DPC),
izabrani su, pripremljeni i okarakterisani katalizatori Pd/MFe2O4. Njihova karakterizacija je
izvršena metodama XRD, H2-TPR, XPS i VSM. U poređenju sa drugim spinel feritnim
katalizatorima, dopiranim pomoću metalnog jona, katalitička aktivnost Pd/MnFe2O4 je
mnogo veća, usled čega je prinos DPC 33,12 %, selektivnost iznad 99%, a obrtna frekvenca 70,56 mol DPC·(mol Pd·h)-1. Rezultat pokazuje da formiranje ferita sa manjkom
kiseonika i transfer jona u feritu idu u prilog katalitičkoj aktivnosti. Sa kalcinacijom MnFe2O4
na 500 °C, zasićena magnetizacija dobijenog katalizatora Pd/MnFe2O4 dostiže vrednost
43,1A·m2·kg-1. Uz dobre magnetne osobine i odličnu katalitičku aktivnost, katalizator Pd/
/MnFe2O4 se može upotrebiti na industrijskom nivou u MSFB reaktoru.
Ključne reči: magnetski katalizator; oksidativna karbonilacija; difenil-karbonat;
spinel ferit.
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OPTIMIZATION OF THE BIOACTIVE
COMPOUNDS CONTENT IN RASPBERRY
DURING FREEZE-DRYING USING RESPONSE
SURFACE METHOD
Article Highlights
• Optimization of raspberry freeze-drying was studied by response surface method
• The influence of temperature and time on the final product quality was studied
• Responses were: total phenol, anthocyanin, vitamin C and total bioactives content
• The optimal conditions were found to be moderate temperature and pressure
• The proposed mathematical models are suitable for optimization of this process
Abstract
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UDC 664.8.047:634.711
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The production of high-quality freeze-dried raspberry was studied by response
surface method. Two independent variables, temperature (X1) and time (X2)
were determined as the most important factors affecting the final product
quality estimated by the responses: total phenol (Y1), total anthocyanin (Y2),
vitamin C (Y3) and total bioactive compounds (Y4) content. A two-factor central
composite design was used for freeze-drying experiments. The second order
polynomial models obtained were found to be significant (p < 0.05) for all
responses. The statistical analysis of experimental data indicated that only the
quadratic time variable (X22) had significant (p < 0.05) effect on all responses.
The optimal conditions for all responses combined were found to be –31 ºC and
35 h. The experimental values of all responses obtained under optimal
conditions were in good agreement with predicted values, which enables the
use of the proposed mathematical models for optimization of investigated
process.
Keywords: freeze-drying, response surface methodology, total phenols,
total anthocyanins, vitamin C.

Berry fruits are a rich source of bioactive compounds such as anthocyanins, flavonols, catechins,
hydroxybenzoic acids etc. An optimal mix of these
phytochemicals contribute to antioxidant, antimicrobial, antiinflammatory, vasodilatory, antiproliferative
and anticancer actvities of berry fruits. Due to diverse
range of activities berry fruits are considered as a top
class of healthy food [1-4].
One of the most popular berries in the world is
raspberry which is consumed as fresh fruit and processed to jam, jelly, juice, syrup and other products or
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as ingredients in various foods. The exploitation of
raspberry in diverse areas of food and health products is rapidly increasing. Raspberry is rich in phenolic compounds such as phenolic acids (ellagic acid
and its conjugates, two ellagitannins lambertianin C
and sanguiin H-6), flavonoids (flavan-3-ols and their
oligomers, quercetin) and anthocyanins (cyanidin-3-sophoroside, cyanidin-3-(2-glucosylrutinoside), cyanidin-3-glucoside, pelargonidin-3-sophoroside, cyanidin-3-rutinoside, pelargonidin-3-(2-glucosylrutinoside),
pelargonidin-3-glucoside, pelargonidin-3-rutinoside)
[5-8]. Raspberry has a special significance in Serbia
because it represents an important export product, as
Serbia is among the leading world countries in raspberry production. In recent years, with average yield
of 5–6 t ha–1, Serbia produced about 80.000 t of raspberry [9]. The Serbian raspberry harvest starts in late
June and ends in July, depending on weather condi-
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tions and locaton of the orchard. After harvesting, due
to various internal and external factors, chemical and
physical changes may occur in raspberry fruits, which
result in deterioration and losses in bioactive compounds. Also, the content of bioactive compounds
depends on the preservation process as well as conditions and duration of storage. The scientific studies
have shown that water, as the dominant component
of foods, provides the critical environmental factor
necessary for the ubiquitous biological, biochemical
and biophysical processes that degrade foods and
ultimately make them unfit for human consumption
[10]. Free moisture and enzymatic reactions can also
affect biologically active compounds including phenolics [11]. To prevent various adverse influences,
drying methods are used to remove water and increase the storage stability of perishable products [12].
Freeze-drying would be the best method of preserving delicate fruits, such as raspberry, with high moisture content and short harvest time [13,14]. Freezedrying is a dehydration process in which water is
removed by sublimation of ice from frozen materials
[15,16]. Due to the absence of liquid water and very
low temperature most of deterioration and microbiological activity are stopped and provide high-quality
product which maintains initial shape, dimension and
appearance such as colour, texture, flavour, taste,
biological activity etc. Also, during freeze-drying the
enzymes in fruits are inactivated by freezing at low
temperature and therefore bioactive compounds are
protected from enzymatic degradation. Although freeze-drying is an expensive process, it is the best method
of water removal with final products of highest quality
that retains a high level of bioactive compounds.
The main objectives of this study were: i) to
investigate the main effects of process variables,
namely process temperature and time, on the product
quality during freeze-drying of raspberries and ii) to
determine optimum process conditions for drying
raspberries in a freeze-drier. The quality of the final
product was evaluated taking into account the total
phenol, total anthocyanin, vitamin C content as well
as their sum – total bioactive compounds content, in
freeze-dried raspberries. Responce surface methodology (RSM) was used for evaluating the experimental data and optimization of the models obtained.
EXPERIMENTAL
Chemicals
Methanol, acetic acid and ammonium acetate
were obtained from J.T. Baker (Deventer, Holland).
Gallic acid, ascorbic acid, metaphosphoric acid and
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Folin Ciocalteu’s reagent were purchased from Sigma
Chemicals Co. (St. Louis, MO, USA). Other chemicals
and solvents used were of the highest analytical grade.
Plant material
Raspberries (Rubus ideaus, cv. “Meeker”) used
in the freeze-drying experiments were purchased
from Alfa RS (Lipolist, Serbia) in July 2011. Fresh
undamaged berries (water content 81.16%) were
frozen and stored at –20 °C until use.
Experimental design
RSM was used to investigate the main effects of
freeze-drying process variables on the quality parameters of raspberries. The experimental design
adopted was a central composite design for two variables at five levels. The two independent variables
(freeze-drying conditions) were process temperature
(X1) and process time (X2). The coded values of the
independent variables were –1.414, –1, 0, 1 and 1.414.
The actual values, chosen from the preliminary studies, and the corresponding coded values of two
independent variables are given in Table 1. The complete design consisted of 12 experimental points,
which included four replicates of central point.
Table 1. Experimental design for two independent variables at
five levels in freeze-drying process
Temperature (X1 / °C)

Time (X2 / h)

1

–20 (1)

24 (–1.414)

2

–20 (1)

48 (1.414)

3

–40 (–1)

24 (–1.414)

4

–30 (0)

27.5 (–1)

5

–40 (–1)

48 (1.414)

6

–30 (0)

44.5 (1)

7

–45 (–1.414)

36 (0)

8

–15 (1.414)

36 (0)

9

–30 (0)

36 (0)

10

–30 (0)

36 (0)

11

–30 (0)

36 (0)

12

–30 (0)

36 (0)

Experimental point

The dependent responses to be determined
from the corresponding freeze-drying experiments
were the total phenol content (Y1), total anthocyanin
content (Y2), vitamin C (Y3) and total bioactive compounds (Y4) content.
Experimental data were fitted to a second order
polynomial model and regression coefficients obtained.
The generalized second order polynomial model used
in the response surface analysis was as follows:

Y = b0 + b1X 1 + b2 X 2 + b3 X 12 + b4 X 22 + b5 X 1X 2

(1)
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where b1 and b2 are linear regression coefficients, b3
and b4 are the quadratic regression coefficients and
b5 is interaction regression coefficient of the model.
Mathematical models were evaluated for each response by means of multiple regression analysis. Significant terms in the model for each response were
found by analysis of variance (ANOVA). In the graphical approach, the predictive models were modified
and used to create three-dimensional response surfaces within the experimental region.
Freeze-drying experiments were executed in a
laboratory freeze-drier (model Alpha 2-4 LSC, Martin
Christ, Osterode, Germany), under the conditions
described above.
Sample extraction
For determination of total phenols in freezedried raspberries, the following extraction procedure
was used: 5 g of sample was extracted with a solution
of methanol (80%) at room temperature, using a high
performance homogenizer (model DIAX 900, Heidolph Instruments GmbH, Kelheim, Germany). The
extraction was performed two times with different
amounts of 80% methanol: 40 mL in 60 min and 20
mL in 30 min. The total extraction time was 90 min.
The obtained extracts were combined and evaporated
to dryness under reduced pressure. The same extraction procedure was used for the analysis of total
anthocyanins in dried raspberries, with one exception:
the extraction solvent (80% methanol) was acidified
with acetic acid (0.05%). For the analysis of vitamin C
contents in dried raspberries the samples (100 mg)
were extracted in 1.5 mL of metaphosphoric acid
(3%) acidified with acetic acid (8%) solution for 30
min on ultrasonic bath (model Sonic 12 GT, VIMS
elektrik, Tršić, Serbia) and centrifuged during 5 min at
2000 g (model Rotilabo®-mini-centrifuge, Carl Roth
GmbH, Karlsruhe, Germany) at room temperature.
The supernatant was filtered through a 0.45 μm nylon
membrane (Supelco, Bellefonte, USA) before HPLC
analysis.
Measurement of total phenol content
Total phenol contents in dried raspberries
obtained in experiments 1–12 (Table 1) were determined spectrophotometrically according to the Folin-Ciocalteu method [17], callibrating against gallic acid
and expressing the results as gallic acid equivalents
(GAE) in milligrams per 100 g of dried raspberries.
Measurement of total anthocyanin content
The total anthocyanin contents in dried raspberries obtained in experiments 1–12 (Table 1) were
estimated spectrophotometrically using the pH single
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method according to Lee et al. [18]. Anthocyanins
were quantified as cyanidin-3-glucoside equivalents
using an extinction coefficient of 26900, in L/(mol cm),
and resulting values were expressed in terms of mg
cyanidin-3-glucoside equivalents (CyGE) per 100 g of
dried raspberries.
Measurement of vitamin C content
HPLC analysis of the vitamin C content in dried
raspberries obtained in experiments 1–12 (Table 1)
was performed according to Tumbas et al. [19] using
a Shimadzu Prominence liquid chromatograph (Shimadzu, Tokyo, Japan) connected to UV/Vis detector.
Results were expressed as mg vitamin C per 100 g of
dried raspberries.
Statistical analysis
The value of each dependent response (Y1, Y2,
Y3 and Y4) was the mean of three replications ± standard deviation. The models quality was determined by
analysis of variance (ANOVA) of regression. Calculations and graphs were obtained with the Statistica
(Data Analysis Software System), v. 10, StatSoft, Inc.,
Tulsa, OK, USA (2010, http://www.statsoft.com).
Multi-response optimization was conducted using
Design-Expert® Version 7.0.0, Stat-Ease, Inc., Minneapolis, MN, USA (2005).
RESULTS AND DISCUSSION
Nowdays consumers have increasing demands
for food with health-promoting qualities. In accordance with the fact that most of fruits need to be processed for safety, quality and economic reasons, the
content of bioactive compounds as well as healthpromoting capacity of fruits depends on their processing conditions. Raspberries are very sensitive to
chemical and microbial deterioration during post-harvest storage and handling, therefore, they have a
rather limited shelf life in a fresh form. For these
reasons, smaller quantities of Serbia’s raspberry production (∼10%) is used fresh or in processing industry, while the most of it (∼90%) is frozen and
exported. Freezing raspberry improves its availability,
but some studies have shown that freezing and frozen
storage affect the quality and quantity of ellagic acid,
flavonol, anthocyanin and vitamin C contents [20-23].
Freeze-drying of raspberry received particular attention by several researchers and seems to be a good
preservation method [13,14]. In that view optimization
is necessary to obtain enough process time to decrease the moisture content at moderate temperatures
and reduce the duration of freeze-drying process and
consequently the process costs.
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Raspberries were freeze-dried under conditins
predetermined by the experimental design (Table 1).
Water content in all freeze-dried raspberries was
under 10%, as it is recommended for this kind of product [24]. The quality of dried raspberries obtained in
12 experiments was monitored by four responses:
total phenols, anthocyanins, vitamin C content and
their sum – total bioactive compounds content. The
values of total phenols, total anthocyanins and vitamin C in freeze-dried raspberries were in the range:
1218.23-4666.10 mg GAE/100 g, 0.75–404.74 mg
CyGE/100 g and 3.42–33.61 mg/100 g, respectively.
The second order polynomial model proposed
by Eq. (1) was fitted to the experimental data and the
predictive models for responses Y1, Y2 and Y3, in
terms of coded values, are:
2
1

Y1 = 4867.32 − 225.69 X 1 − 64.51X 2 − 919 X −
−941.14 X 22 − 15.73 X 1X 2
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raspberries. Generally, in the freeze-drying process,
the biggest problem is the time of drying, since the
longer time, the higher the energy costs [26]. Erbay et
al. [27] reported that during drying not only is the
degree of heat intense, but also heat treatment time
important. In their study, drying of olive oil leaves optimization revealed that the interaction effect of temperature and time was obtained as significant for phenolic loss.
Analysis of variance for estimated models
(Table 3) was employed to evaluate the quality of the
models fitted.
Table 3. Analysis of variance (ANOVA) of the modeled responses
SSa

Model

(2)

−168.42 X 22 + 2.85 X 1X 2

Y 3 = 35.61 − 0.59 X 1 − 4.79 X 2 − 1.33 X 12 −

Residual

(3)

(4)

−13.65 X 22 − 0.1X 1X 2

p
value

161487417

6

26914569 19.9 0.001027

8139885

6

1356648

–

Total

169627302 12

–

–

–

Corrected total

25082712

11

–

–

–

Regression vs.
corrected total

161487417

6

–

26914569 11.8 0.000308

R2 = 0.676
Total anthocyanins
Regression

926144.3

6

154357.4

Residual

58649.6

6

9774.9

–

Total

984793.9

12

–

–

–

Corrected total

428165.9

11

––

–

–

Regression vs.
corrected total

926144.3

6

154357.4

4.0

0.023300

Table 2. Corresponding p-values for all three regression equations coefficients
X1

F
value

R = 0.822

In addition to intercept, all equations contain
linear terms, some quadratic terms and some interactions of variables. The significance of each coefficient in obtained mathematical models (2), (3) and
(4) determined by p-value, is presented in Table 2.
The smaller the p-value the more significant is the
corresponding coefficient [25].

Response

MSc

Total phenolics
Regression

Y 2 = 411.37 − 15.34 X 1 − 30.84 X 2 − 83.54 X 12 −

DFb

X2

X12

X22

15.8 0.001928
–

R = 0.929
R2 = 0.863
Vitamin C

X1X2
Regression

8637.4

6

14439.6

Total anthocyanins 0.6761 0.3620 0.0750 0.0020 0.9377

Residual

274.2

6

45.7

–

–

Vitamin C

Total

8911.6

12

–

–

–

Corrected total

2366.3

11

–

–

–

Regression vs.
corrected total

8637.4

6

1439.6

6.7

0.003483

Total phenolics

0.6035 0.8667 0.0914 0.0480 0.9708
0.8127 0.0664 0.6345 0.0008 0.9678

Judging from the values presented in Table 2
the most significant variable and also the only variable that significantly (p < 0.05) influences all three
responses, appears to be quadratic time variable
(X22). The term that represents an interaction of the
freeze-drying conditions (b5) was the least significant
for all three responses, showing no interactive influence of temperature and time during freeze-drying.
Linear terms (b1 and b2) and quadratic term for temperature (b3) were not significant (p > 0.05) expressing no significant influence on the process regarding
phenol, anthocyanin and vitamin C contents in dried
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31.5 0.000278

R = 0.940
R2 = 0.884
a

b

c

Sum of squares; degrees of freedom; mean square

The ANOVA of the fitted models indicated that
the models were significant for all three responses at
95% confidence level. The multiple coefficient of correlation (R ranging from 0.822 to 0.940) and the total
determination coefficient (R2 ranging from 0.676 to
0.884) indicated a good fit to the experimental values
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of the total phenol, anthocyanin and vitamin C content
in dried raspberries.
The response surface and contour plots were
generated for each of the fitted models to visualize
the combined effects of two factors, process temperature and time, on total phenolics, total anthocyanins
and vitamin C content (Figure 1a–c).
The effect of time and temperature on total phenolic content is presented in Figure 1a. Both parameters had similar quadratic effect on total phenolic
content in the freeze-dried product. The effect of
these parameters on total anthocyanin content in
raspberry after freeze-drying (Figure 1b) was similar,
whereas temperature had less pronounced effect on
this response. Regarding the vitamin C content in
freeze-dried raspberries, freeze-drying time had
quadratic effects, while the temperature had almost
no effect (Figure 1c) on the conservation of this
bioactive compound.
Asami et al. [28] reported that freeze-drying of
“Marion” blackberries has been shown to retain higher
per fruit phenolic concentration than hot-air drying.
Freeze-drying has also been shown to help preserve
anthocyanins and antioxidant capacity of Saskatoon
berries due to the minimum heat treatment applied to
remove water from fruit tissue [29]. Ratti [15] reported
that the minimal color deterioration during freezedrying is an indication of the appropriateness of this
process to preserve nutraceutical foods. The deterioration of color is significant not only in the assessing
of the visual aspect but also because of the close
relationship between antioxidant or vitamin contents
and color. Freeze-drying has been shown as a superior method for raspberry drying compared to air-drying and osmotic dehydration estimated by better preserving capabilities of phenolics and antioxidant activity [14].
On the surfaces generated by quadratic models
the critical point can be characterized as maximum,
minimum, or saddle. It is possible to calculate the
coordinates of the critical point through the first derivate of the mathematical function, which describes
the response surface and equates it to zero [30]. The
surfaces shown in Figure 1a and b present a maximum point as the critical point, and in Figure 1c there
is a plateau in relation to variable temperature, indicating that variation of its levels does not affect the
studied system.
Based on the abovementioned method for evaluation of the coordinates of the critical points, i.e.,
optimum conditions for raspberry freeze-drying, the
obtained values for studied variables are shown in
Table 4. Also, the values obtained by analytical pro-
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cedure were experimentally validated by repeating
the process of freeze-drying under presented optimum conditins. The values of observed responses
obtained under these conditins are also presented in
Table 4.
Comparing the predicted maximum values of
total phenolics, anthocyanins and vitamin C contents
and experimental ones (Table 4), insignificant differences were observed for all three responses (p =
0.391, 0.356 and 0.199, respectively). The optimal
values for total phenol and total anthocyanin content
in freeze-dried raspberries are higher than the values
of these responses in fresh raspberries (2287.69 and
8.55 mg/100 g, respectively). On the other hand, the
content of vitamin C in fresh raspberries (40.69
mg/100 g) was determined to be higher than the
maximum content in freeze-dried fruits obtained
under optimum conditions. From the results of optimization experiments presented in Table 4 it can be
seen that the three investigated responses, determined as the main quality parameters, showed similar
results. It can be concluded that medium temperature
applied (31–32 °C) and process time duration (34.5–36
h) was the most convenient for total phenolics, anthocyanins and vitamin C contents in raspberry after
freeze-drying.
Asami et al. [28] reported that fruit cell destruction during freezing and ice sublimation contributes to the increased extraction of anthocyanins,
which possibly led to the increase in total phenol and
anthocyanin contents in freeze-dried raspberries than
in fresh control. Wu et al. [31] demonstrated also that
freeze-drying increased total phenolic and anthocyanin content of blackberries. However, some of the
samples showed a decrease in total anthocyanin content, explained by recovery of the enzymes in blackberries during drying at the shelf temperature at the
35 °C thus accelerating the degradation of monomeric
anythocyanins and reaction with tannins, polysaccharides, and other flavonoids. In the study of Michalczyk et al. [13] lyophilization either slightly lowered
the total phenolic and anthocyanin content, or slightly
increased it, depending on the species of berry fruit.
De Ancos et al. [22] demonstrated small changes in
vitamin C content in four raspberry varieties after
freezing and a continuous decrease during long-term
frozen storage at –20 °C (up to 56% after 365 days).
Since the investigated responses, i.e., phenolic
compounds, anthocyanins and vitamin C, are equally
important quality parameters in fruit products, as well
as health promoting substances, the overall optimization of the freeze-drying process has been tested
also in terms of total amount of these compounds in
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Figure 1. Response surface 3D plots of process time and temperature influence on: a) total phenol,
b) total anthocyanin and c) vitamin C contents.
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Table 4. Optimum conditions and levels for maximum responses obtained by RSM
Temperature, °C

Time, h

Predicted maximum value, mg/100 g

Experimental value, mg/100 g

Total phenolics

–31

36

4893.22±85.31

4956.35±102.84

Total anthocyanins

–31

35

415.62±18.66

398.67±16.09

Vitamin C

–32

35

36.14±1.49

34.23±1.05

Response

the final product. In order to obtain the best process
parameters for all three responses the values of these
responses obtained in the experiments 1-12 (Table 1)
were summed and the newly obtained response was
represented as total bioactive compounds content
(Y4). The second order polynomial model obtained for
this response was:

Y 4 = 5314.3 − 241.62 X 1 − 100.14 X 2 −
−1003.88 X 12 − 1123.21X 22 − 12.98 X 1X 2

(5)

The model (5) was found to be significant (p =
= 0.0009) and further statistical analysis of the data
indicated that only quadratic term containing time
variable (X22) in this model, like in the case for the
other three models (2), (3) and (4), had a significant
effect on all three responses (p = 0.0312). The multiple coefficient of correlation and the total determination coefficient (0.844 and 0.712, respectively) for
this response also indicated a good fit to the experimental values of bioactives content in dried raspberries. The response surface, whose coefficients are
given in Eq. (5), is shown in Figure 2.
The response surface has a maximum point.
Using the same method as previosly described the

coordinates of the maximum point are determined as
follows: –31 °C and 35.5 h. Under these conditions the
predicted value of total bioactive compounds content
in freeze-dried raspberry was 5344.29 mg/100 g,
which is in agreement with experimentally obtained
content (5489.95 mg/100 g).
In order to find the maximum for all quality parameters (total phenol, anthocyanin and vitamin C contents) combined, a multi-response optimization was
used. The optimum conditions for raspberry freezedrying were found to be in the same range as the
ones obtained for individual responses: –31 °C and 35
h. The solutions for maximum total phenol, anthocyanin and vitamin C contents were 4887.5, 415.49
and 36.07 mg/100 g, respectively. Freeze-drying of
raspberries under reported optimal conditions resulted in high-quality products, with water content of
3.88%, and the average experimental freeze-drying
rate was calculated to be 22.95 g/h per kg of raspberry sample. Quality parameters, i.e. total phenolics,
anthocyanins and vitamin C contents of the product
were: 4912.74, 395.33 and 34.26 mg/100 g, respectively. These results are in agreement (p < 0.05) with
the ones obtained by multi-response optimization.

Figure 2. Response surface 3D plot of process time and temperature influence on total bioactive compounds content.

59

VESNA T. TUMBAS ŠAPONJAC et al.: OPTIMIZATION OF THE BIOACTIVE…

Based on the above results, it can be seen that
it would be desirable to use moderate process conditions, temperature and time, that will provide higher
levels of functional properties of the final product.
Finally, using optimization the process efficiency was
maximized and the time of the freeze-drying was
minimized, which will have a significant impact on
operation costs.

[6]

W. Mullen, M.E.J. Lean, A. Crozier, J. Chromatogr., A
966 (2002) 63-70

[7]

M.J. Anttonen, R.O. Karjalainen, J. Food Compos. Anal.
18 (2005) 759-769

[8]

R. Bobinaitė, P. Viškelis, P.R. Venskutonis, Food Chem.
132 (2012) 1495–1501

[9]

M. Djurkovic, SWOT analysis of Serbia's raspberry sector
in the competitive marketplace, Master Thesis, Norwegian University of Life Sciences, Department of Economics and Resource Management, Aas, Norway, 2012,
p. 24

[10]

S. Ghio, A.A. Barresi, G. Rovero, Food Bioprod. Process.
78 (2000) 187-192

[11]

M.C. Nicoli, M. Anese, M. Parpinel, Trends Food Sci.
Technol. 10 (1999) 94-100

[12]

V.R. Sagar, P. Suresh Kumar, J. Food Sci. Technol. 47
(2010) 15–26.

[13]

M. Michalczyk, R. Macura, I. Matuszak, J. Food Process.
Preservation 33 (2009)11–21

[14]

M.M. Novaković, S.M., Stevanović, S.Ž. Gorjanović, P.M.
Jovanović, V.V. Tešević, M.A. Janković, D.Ž. Sužnjević,
J. Food Sci. 76(4) (2011) C663-C668

[15]

C. Ratti, J. Food Eng. 49 (2001) 311-319

CONCLUSION
In the present study, RSM was used to optimize
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raspberries, with special reference to total phenol,
anthocyanin and vitamin C content as quality parameters in dried product. For responses obtained after
experiments, a polynomial models of the second
degree is established to evaluate and quantify the influence of the variables. According to these models,
the specified optimum drying conditions were determined to get the highest product quality and the lowest process time and energy consumption to decrease the operation cost. Predicted values for all
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as optimum conditions for raspberry freeze-drying. It
was also observed that freeze-drying showed a positive impact on fruit quality, preserving the valuable
bioactive compounds present in fresh fruit.
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OPTIMIZACIJA SADRŽAJA BIOAKTIVNIH
JEDINJENJA U LIOFILIZOVANOJ MALINI
METODOM ODZIVNIH POVRŠINA
Optimizacija procesa liofilizacije maline izvršena je metodom odzivnih površina u cilju
dobijanja visokokvalitetnog proizvoda. Dve nezavisno promenljive, temperatura (X1) i
vreme (X2), postavljene su kao najvažniji faktori koji utiču na kvalitet finalnog proizvoda
definisan sledećim odzivima: sadržaj ukupnih fenolnih jedinjenja (Y1), antocijana (Y2), vitamina C (Y3) i ukupnih bioaktivnih jedinjenja (Y4). Za planiranje eksperimenata korišćen je
centralno kompozitni plan za dva faktora. Dobijeni polinomi drugog reda za sve odzive bili
su statistički značajni (p < 0,05). Statističkom analizom eksperimentalnih podataka utvrđeno je da je jedino kvadratni efekat vremena imao značajan (p < 0,05) uticaj na sve
odzive. Pronađeni su i optimalni uslovi za sve odzive. Maksimalne vrednosti sadržaja svih
bioaktivnih jedinjenja istovremeno dobijene su pri sledećim uslovima liofilizacije: -31 °C i
35 h. Eksperimentalne vrednosti dobijene za sve odzive pri optimalnim uslovima bile su u
saglasnosti sa predviđenim vrednostima. Dobijeni matematički modeli mogu se koristiti za
optimizaciju ispitivanog procesa.
Ključne reči: liofilizacija, metoda odzivnih površina, ukupna fenolna jedinjenja,
ukupni antocijani, vitamin C.
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EVALUATION OF LASER BEAM INTERACTION
WITH CARBON BASED MATERIAL – GLASSY
CARBON
Article Highlights
3+
• Interaction of glassy carbon with Nd :YAG laser beam of various energy densities were
investigated
• Damage morphology analysis has shown that damage morphology depends on the
energy density
• The Image analysis have applied for obtaining quantitative description of the damage
topology
• Numerical simulation of glassy carbon interaction with laser was performed by
COMSOL Multiphysics
• Numerical simulation was based on thermal model and FEM method
Abstract

Laser beam interaction with carbon based material (glassy carbon) is analyzed
in this paper. A Nd3+:YAG laser beam (1.06 μm, i.e., near infrared range (NIR))
in ms regime with various energy densities is used. In all experiments, provided in applied working regimes, surface damages have occurred. The results
of laser damages are analyzed by light and scanning electron microscopy
(SEM). Image J software is used for quantitative analysis of generated damages based on micrographs obtained by light and SEM microscopes. Temperature distribution in the exposed samples is evaluated by numerical simulations based on COMSOL Multiphysics 3.5 software in a limited energy range.
Keywords: laser, interaction, glassy carbon based material, quantitative
analysis, numerical simulation.

DOI 10.2298/CICEQ140131006J

Carbon based modern materials in practice
can be found in a number of types [1]. Various
arrangements of microstructure domains, ordered
and disordered, are produced in commercial or
laboratory samples, leading to design of carbon
materials of different characteristics. The new technological processes make possibility for designing
and producing materials with desired mechanical,
thermal, electrical, and other properties [2,3]. Laser
interaction with well-known graphite - and diamond-like materials remains an unresolved issue.
Recently, carbon active materials, carbon nanotubes, 60C and carbon composites, have been
attracting attention. Fabrics and generally fiberCorrespondence: P. Jovanić, University of Belgrade, Institute for
multidisciplinary research, Kneza Viseslava 1, Belgrade, Serbia.
E-mail: jovanicp@ikomline.net
Paper received: 31 January, 2014
Paper revised: 13 March, 2014
Paper accepted: 26 March, 2014

based carbon materials have not theoretically
studied as much as to the previously mentioned
group, despite of laser application in textile industry
[4,5]. Activated carbon cloth modifications initiated
by pulsed transversely excited atmospheric CO2
(TEA CO2) laser radiation (pulse intensities from
0.5 to 28 MW/cm2) depend on the cloth adsorption
characteristics [6]. Simulation of the heating effects
for the exposure of carbon textile materials and
C/C composite to alexandrite and Nd3+:YAG
(yttrium aluminum garnet) laser radiation but under
different laser working regimes (mean power 0.2–
–6.5 kW), have also been examined [7].
Glassy carbon has excellent mechanical,
thermal and electric properties [8,9]. On the other
hand, it is difficult to treat and process by conventional techniques [8]. Laser pretreatments have
been used on carbon electrodes in electrochemical
experiments to produce a surface as free as
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possible from contamination and to activate the
electrode toward electron transfer as well as for the
fabrication of the micro fuel cell flow fields, a tripled
Nd3+:YAG were proposed. The possible use of
laser for processing of such materials is one of the
motivations for experimental research. Depending
on the laser working conditions as well as the
complexity of the carbon based material, many
different processes can be provoked [10,11]. Often,
a distribution of thermal processing is a reliable
starting point for descriptions of laser beam-material interaction. For select materials it can be expected that most of the laser beam energy will be
absorbed and converted into heat.
Image analyzing and processing is a methodology developed and implemented in advanced
research methods for various theoretical and
practical tasks in industry [12]. Data obtained by
light and electron microscopes are applied for
material characterization and induced material
transformations by the laser beams. Historically,
their beginnings can be found in geology [13],
where the first methods of image analysis had
been stemmed. They were based on the fact that
an area that occupied some algorithm in the image
was correlated to its contributions in the rock.
Various authors worked to the images of twodimensional cross section based on general
models applied to mathematical problems [14,15].
Quantitative analysis and modeling has stemmed

Chem. Ind. Chem. Eng. Q. 21 (1) 63−69 (2015)

from Saltykov [16]. The development of modern
informatics tools with new generation of computers
opens wide prospects for image analysis. It can be
considered that the computer image analyses
developed over six decades. In cyber space, the
image is represented in its digital form. Modern
techniques of scene-object-presentation include
beside ordinary digital photo devices, thermal
imaging cameras, TV image, holographic image,
tomographic presentation, etc. Digital images as
vector or raster types are presented by pixels
intensities in 2D space. The schematic diagram of
an image analysis methodology is presented in
Figure 1 [17].
The aim of this work is to analyze in more
detail the effect of the Nd3+:YAG laser beam
interaction with glassy carbon based material. The
experimental damages were analyzed by appropriate microscopes and the obtained micrographs
were the object for image analyses processes. For
chosen experimental data the adequate analyses
by Image J is performed in the form of histograms
and appropriate statistics. It can serve to give
quantitative information of the distribution or the
level in the grey scale. Besides that, mean grey
level as well as standard deviation for the characterization are performed, too. All this could be
useful for quantitative interpretation of interaction
of glassy carbon and Nd3+:YAG laser.

Figure 1. Schematic diagram of an image analysis methodology.
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EXPERIMENTAL

The samples of the glassy carbon were
exposed to Nd3+:YAG laser beams (Table 1). The
direction of the beam was perpendicular to the
sample surface. The laser beam was focused by
the appropriate lens. The working conditions are
presented as mean power, total exposition, one
pulse exposition and mean energy density.
Table 1. Parameters of laser system used in experiments
Wavelenght

1.064 µm

Mean power

5 kW

Energy density

1468 J/cm

Pulse duration

0.7 ms

Chem. Ind. Chem. Eng. Q. 21 (1) 63−69 (2015)

is formed and the boundary of the ejected material
and solidified melts make a wall around the crater.
The ejected material forms a kind of semi torus. A
white ring-like area is formed between the irregularly ejected material and formatted crater walls
(higher than the basic material surface). The crater
edges show consequences of melting and solidification processes (Figure 2). Figure 2 presents
the optical micrograph analysis of Nd3+:YAG laser,
1.06 μm, 1468 J/cm2, 0.7 ms and glassy carbon
interaction.

2

Obtained damages are analyzed by light and
scanning electron (SEM) microscopy. The appropriate micrographs were the basis for further
quantitative analyses of damage shape, damaged
surface, damage color, etc.
Samples were in the shape of thin plates (1
mm thickness), i.e., the surface was much larger
than the beam spot. Depending on the methods of
material production, data for thermal performances
can vary.
Images obtained by optical and SEM microscopies were analyzed by the Image pro Plus
Premier software package. Dimensions of hole and
influence zone of laser beam material interaction
were measured by 100 individual measurements.
The properties of glassy carbon are: specific
heat (Cp) is 1500 J/(kg K), heat conductivity is 2
W/mK and density (ρ) is 1450 kg/m3.

Figure 2. Light micrograph analysis of laser damage.

RESULTS AND DISCUSSION

Analyses of damages obtained by light and
scanning electron microscopes are presented in
Figures 2 and 3, respectively.
Analyses of images obtained by the light microscope

By analyzing micrographs obtained by the
light microscope, three ring-like parts can be seen.
The largest ring is formed by complex processes
during the laser exposition. This area is characterized by a number of small grains. A crater shape

Figure 3. SEM micrograph of laser damage.

Damage diameter and the interaction zones
were defined by measurements in 100 different
directions (angle 3.6°). Statistical analyzes of
obtained measurements are presented in Table 2.
Therefore, the mean diameter of affected zone is
247±17.68 µm in reality. Mean crater diameter is
137.77±6.48 µm. All provoked shapes are approx-

Table 2. Statistical analysis of measurements obtained from light microscope images
Length

Mean diameter, µm

Standard deviation

SE of mean

Variance

Coefficient of variation

137.77

6.84

2.16

46.79

0.049

1

st

2

nd

173.05

18.81

5.43

353.96

0.108

3

rd

247.19

17.68

4.29

312.66

0.071
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imately circular. The obtained values are graphically presented in Figure 4.

Chem. Ind. Chem. Eng. Q. 21 (1) 63−69 (2015)

teria is 496. The mean area of recognized objects
is 7.52 pixels. In the analyzed micrograph (Figure
2), the detail of shot - size is 2.11 µm×2.11 µm, i.e.,
4.44 µm2. Therefore, the mean surface of single
characteristic formation of materials is 33.36 µm2.
Analyses of SEM micrograph

Figure 4. Obtained measured values of laser material interaction.

The crater-like damage with ejected material
is very different from the whole image (Figure 4).
The mentioned and marked ring (Figure 4)
has a mean grey level 221.51 (closer to the white
color) and standard deviation 46.2. This area does
not show significant influence of the laser beam. It
can be considered that the energy density of beam
is under the damage threshold.
The crater area with the wall of ejected
material is 209735.7 µm2, and the surface of internal ring 92381.3 µm2. If we approximate that the
crater with the vicinity (with wall formation) is of
circular shape with the diameter of 523.3 µm, its
surface should be 215055.98 µm2. The relationship
of the calculated and real surfaces is 1.025, therefore the quantitative measure of deviations of circular crater shape is 2.5%. The crater (without wall
formation) with assumptions regular circular shape
dia. 383.62 µm should occupy 1155832.0 µm2. The
relationship of the calculated and real surfaces is
1.097, therefore the quantitative measure of the
deviation (from the circular shape), factor of meritFOM is 9.7% from the circular shape.
Since manual counting of grain formation of
ejected material would be impractical, its number
can be defined using the Analyze Particles function
in Image J for the presented analyses. The Figure
2 is taken with some higher resolution, and with
larger pixel number (image size is 550×468 pixels).
The formation of ejected material grains with circular shape (regular or irregular circles) can be
seen in the micrographs (Figures 2 and 3). Accordingly, the criteria for counting can be circularity in
the range 0.2–1.0 and maximal area of 100 pixels
as no grain is larger than this value. The obtained
number of recognized objects with the chosen cri66

Scanning electron microscope analyses offer
more precise description of material damages. The
boundary of specified characteristic areas between
the indented places, i.e., crater and solidified melt
in the vicinity of crater, is more expressive. The
wall of the ejected materials (solidified melt) contains two characteristic parts (Figure 3). The part
closer to the crater is somewhat higher and
wrinkled (ripple-like). The further part is smoother
and lower. The details of structure of the ring-like
parts can be better seen. (The formatted structures
were the consequences of ejected material.)
Figure 3, i.e., the SEM micrograph of the
damage sample was obtained at 80× magnification. Therefore, the characteristic value for characterization is 1.58 µm2. By using the same methodology, as for the light microscope analyses, for
SEM image mean diameter 584.66 µm is obtained.
By using selection tools, the highlighted area
of the micrograph, which presents the crater with
the solidified melted materials, we obtained
263660.8 µm2. For approximation of the damage of
the regular circular shape (dia. 584.66 µm), its
surface should be 268473.61 µm2. The relationship
of the calculated and the real surfaces is 1.018,
which means that the quantitative measure of the
shape deviations from the circle is 1.8%.
By selecting only crater area (without wall
formation), the analyses give 66360.15 µm2. For
the approximation of circular shape (diameter
295.66 µm), the calculated crater area should be
68654.06 µm2. The relationship between calculated
and real surfaces is 1.034, which means that the
quantitative measure of shape deviation from the
circular one is 3.4%.
The relationship of whole damage surface
and crater surface (at cross section) is 3.97. Therefore, 25.17% of the total damage was affected
material surface.
Modeling of interaction of glassy carbon with
Nd3+:YAG laser

One of the principal evaluations for provoked
processes is the presentation of the temperature
distribution. It is provoked by laser energy absorption and other transformation processes in the
material. The treated sample was in solid state and

EVALUATION OF LASER BEAM INTERACTION WITH CARBON

the application mode for conductive processes is
the most applicable. The heat equation is used in
the form of:
δ ts ρC p

∂T
− ∇ ( k ∇T ) = Q
∂t

(1)

In Eq. (1), δts is the coefficient of time scaling,
ρ density of the material, Cp specific heat by constant pressure, k component of the tensor of heat
conductivity in the most generalized case, Q is
heat source or sink [18]. Note that the modeling
was by using program package COMSOL Multyphysics 3.5. (The heat conductivity of carbon
based materials thanks to various material types
can be subject of discussion [19].)
In some cases where it is of interest, transversal convection or radiation can be implemented.
In planar 2D cases, two new terms are included in
equation (2):

δ ts ρC p
+

∂T
− ∇ ( k ∇T ) = Q +
∂t

htrans
c trans 4
Tambtrans −T 4
(T −T ) + dA
dA ext

(

)

(2)

The new terms include thermal energy which
material reemits to the environment.
For laser-material interaction modeling purposes (here glassy carbon sample and laser
pulsed beam), Eq. (2) is applied. This approach
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considers that the total energy of the laser pulse is
absorbed in the exposed material without reflection
and transmission, i.e., that it is converted in the
material heating. The assumption is that the
sample has the characteristics of black body and
(emissivity of ε = 1) and that environmental temperature is 300 K. For the laser beam parameters,
the data of Table 3 are applied.
Table 3. Parameters of laser source used in simulation
Wavelenght, µm

1.064

Mean power, kW

0.35, 0.4, 5

Energy density, J/cm
Pulse duration, ms

2

112, 128, 1468
0.7

The Eqs. (1) and (2) hold for the case without
phase transformations. For glassy carbon that is
valid in the temperature range up to 3652 °C (3925
K), when the melting processes start. Based on
described assumption, the temperature distributions in the sample after the laser pulse of various
energies can be presented as in Figure 5. It means
that the simulations are performed in the moment
t = 0.7 ms from the start of exposition.
Figure 6a and b represent results of simulation for energy density 112 and 128 J/ cm2, respectively. The maximum temperatures are the
below melting point and this temperature distribution can be considered as correct. In the results

Figure 6. Temperature distribution in glassy carbon after the exposition it to Nd3+:YAG laser power density: a)112, b) 128 and
c)1468 J/cm2; exposition time 0.7 ms.
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of simulations presented in Figure 6c, the maximal
temperature is on the sample surface in the laser
spot area and it is 9956.9 K. That value is the
result of the simulation based on Eq. (2), which is
without existing phase transformation of material,
as mentioned. But, the obtained temperature is
significantly above of the melting point of the
chosen material, i.e., above 3925 K, as well as
above the boiling point (4473 K). Therefore, the
chosen model is not applicable to the simulated
data, and without the performed experiments, we
could not suppose that the crater and other formations will be present. The simulation shows
clearly that at chosen densities and time of exposition, phase transitions have to be taken into
account. This shows ambiguously the experimental
data and microscopic sample analysis after laser
beam action in working conditions from Table 1.
The micrographs of samples analyzed by light and
scanning electron microscopies have shown clear
ablation and melting processes, provoked by
Nd3+:YAG laser in working conditions of Table 1.
So, the value obtained for those simulations
(9956.9 K, Figure 6c) cannot be considered as
correct because the used model is only valid for
cases without melting, boiling and ablation processes.
In the performed experiments with glassy
carbon and chosen working conditions of Nd3+:YAG
lasers, pronounced effects of interactions were
found. The damages of material sample are surficial. Crater formations as well as ejection and
melting processes of materials were found, ejected
in the crater space and ring-like areas. The SEM
analyses are more precise than the light microscope. The light microscope images were taken
with higher contrast between the characteristics
areas of the damaged surface, which was applicable for the image analysis. This conclusion is
possible for further discussion and depends on the
experimental parameters of recording. It seems
that those micrographs were better for histogram
presentation, mean grey level and standard deviation of grey scale level.
The computer simulations based on thermal
model and assumed approximations have to be
taken into account for further analyses and implementations of new (standard) terms, but for the first
understanding of possible provoked temperatures,
they can be helpful.
If without experiments we include some parameters for simulations, the obtained temperatures
range gives the first answers, if the material is
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close to melting or not. After that, the model has to
be changed and the new terms have to be implemented with phase transformations of some order.
More exact modeling has to pay attention to the
melt flow, change of surface form due to melting
and ablation processes, Stephens models, etc.,
and to take into account mechanical processes,
too. On the other hand, depending on the pulse
length, heat model have to be changed or used
with different materials constants. For very fast
phenomena only the parts of electronic contributions have to be included in conductivity processes, or other modeling have to be applied (hydrodynamic equations, phenomenological models,
etc.).
CONCLUSION

Experiments in the area of laser-material
interaction give the most exact answers for the
phenomena. In this case, the effects of melting,
ablations, specific material formations, craters,
segregations, ring-like formations were provoked
for the case of glassy carbon and Nd3+:YAG laser
in applied working regimes.
The image analysis can be a task for further
interpretations of the correlations between the
applied laser beam distributions (cross section of
the beam) and influence of the material porosity
and anisotropy.
In the experiments, material ejection is found.
Usually, the experiments are divided into considerations of the material state before and after
laser interactions or descriptions of the material
environment where we could see the processes of
ejections and the nature of the ejected particles,
ions, etc.
Based on the obtained image histograms,
color analysis and recognition of certain types of
elementary geometric forms (their numbers and
areas) it is possible to get quantified parameters of
interaction. These analyses should be linked with
experimental processes (surface oxidation, crater
formation, ablations, etc.) and to quantify the intensity of interaction. Absorption and heat conduction
in the material were calculated in two dimensions
based on finite element methods. The results can
be considered as initial answers.
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PROCENA INTERAKCIJE LASERSKOG SNOPA SA
MATERIJALOM NA BAZI UGLJENIKA STAKLASTIM UGLJENIKOM
U ovom radu se analizira interakcija laserskih snopova sa ugljeničnim materijalom
(staklasti ugljenik). Korišćen je Nd3+:YAG lasera (1,06 μm, odnosno bliska IC oblast) u ms
režimu rada sa snopovima različitih gustina energije. U svim eksperimentima, u primenjenom režimu rada, uočene su površinske povrede na uzorku. Povrede nastale dejstvom
lasera su analizirane optičkim i SEM mikroskopima. Program Image J je korišćen za
kvantitativnu analizu nastalih povreda na osnovu mikrografa dobijenih optičkom i SEM
mikroskopijom. Temperaturna raspodela u izloženom uzorku je dobijena numeričkom
simulacijom zasnovanom na programskom paketu COMSOL Multiphysics 3.5 u ograničenom opsegu energija.
Ključne reči: laser, interakcija, staklasti ugljenik, kvantitativna analiza, numerička simulacija.
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HOMOGENITY OF OIL AND SUGAR
COMPONENTS OF FLOUR AMARANTH
INVESTIGATED BY GC-MS
Article Highlights
• GC-MS and correlation analysis have been used
• GC-MS showed that the lipid composition of different varieties of amaranth are very
similar
• GC-MS showed that the sugar composition of different varieties of amaranth are less
similar
Abstract

Gas chromatography with mass spectrometry (GC-MS) was used for performing a qualitative analysis of liposoluble and hydrosoluble flour extracts of
three genotypes of Amaranthus sp. All three samples were first defatted with
hexane. Hexane extracts were used for the analysis of fatty acids of lipid
components. TMSH (trimethylsulfonium hydroxide, 0.2 M in methanol) was
used as the transesterification reagent. With transesterification reaction, fatty
acids were esterified from acilglycerol to methyl-esters. Defatted flour samples
were dried in the air and then extracted with ethanol. Ethanol extracts were
used for the analysis of soluble carbohydrates. TMSI (trimethylsilylimidazole)
was used as a reagent for the derivatisation of carbohydrates into trimethylsilylethers. The results show that the dominant methyl-esters of fatty acids are
very similar in all the three samples. Such a similarity was not detected in the
analysis of soluble sugars. The following test cluster analysis was used for the
comparison of liposoluble and hydrosoluble flour extracts of three genotypes of
Amaranthus sp.
Keywords: Amaranthus sp., GC-MS, liposoluble and hydrosoluble composition, correlation.

In ancient times, amaranth was cultivated by the
Aztecs and Incas. Today, it is grown in many tropical,
subtropical,
and
temperate
countries
[1,2].
Amaranthus includes over 75 wild and weedy species
native to tropical and temperate regions of the whole
world but is most diverse in the Americas [3]. Presently, cultivated grain is grown in many areas of the
world, including Central and South America, Africa,
India, China, and the United States [4].
Amaranth oil contains about 18.6–23.4% palmitic
(C16:0), 22.7–31.5% oleic (C18:1n–9), and 39.4–49.8%
linoleic (C18:2n–6) acids [5-7]. The lipid content in
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Serbia.
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amaranth is between two and three times higher than
in common cereals such as wheat [8,9]. Amaranth is
a robust crop and can withstand a wide range of
climatic conditions. Amaranth is rich in proteins, which
have a balanced amino acid profile and are rich in
lysine [10,11]. Several studies have reported significant amounts of important unsaponifiable components in amaranth oil [3-8] such as tocopherols, phytosterols, and squalene. Tocopherols are well-known
for their cardiovascular benefits and antioxidant capacity, whereas phytosterols and squalene have the
ability to decrease serum total cholesterol [5]. Squalene has also been studied for its anticarcinogenic
and antioxidant activities [4,10,12].
Since carbohydrates, as the most common
group of compounds found in nature, are the main
elements of foods of plant origin, as well as of industrially processed products thereof, and since they
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constitute series of compounds among which sugars,
sugar derivatives and sugar polymers are the most
important ones [13]. The content of starch in amaranth flours is about 61.4% [8]. Considering that the
starch was investigated in many studies [14-16], but
there are not many studies about soluble carbohydrates, it was necessary to determine the content of
the samples.
The purpose of this study is to determine liposoluble and hydrosoluble components in three genotypes of Amaranthus sp. and obtain preliminary information on their variability, and then to determine the
possibility of differentiation of three genotypes of
Amaranthus sp. flour by creating the dendrograms of
liposoluble and hydrosoluble extracts. Such studies
have been conducted on wheat [17,18], spelt [19,20]
and buckwheat [submitted for publication]. It was
detected that each plant species has a characteristic
composition of liposoluble and hydrosoluble extracts.
The final objective of the study is to easily and quickly
determine flour authenticity on the basis of liposoluble
[submitted for publication] and hydrosoluble composition of obtained chromatograms without an analysis
of individual components [21]. Results should also be
applicable in the quality control of finished products
[submitted for publication].

dried samples and stirred on Vortex for 2 min, after
which the mixture was centrifuged at 2000 rpm for 5
min. 2 mL of clear supernatant were separated and
dried on a nitrogen flow. The residue was dissolved in
500 µL of pyridine and 50 µL of TMSI (trimethylsilylimidazole, Macherey-Nagel) were added, by
which derivatisation of carbohydrates into trimethylsilyl ethers was performed.

EXPERIMENTAL

RESULTS AND DISCUSSION

Preparation of samples for analysis of oil components

Figure 1 shows the chromatogram of hexane
extracts of all three Amaranthus sp. genotypes, from
10 to 21 min. Chromatograms of all three genotypes
are very similar. The peak integration shows a ratio of
components areas 1:150.
Table 1 shows the retention time of components
from the chromatogram presented in Figure 1.
The profile of fatty acids of analysed samples
was the same in all three genotypes.
The following fatty acids have been identified as
dominant in the form of methyl esters:palmitic acid,
oleic acid and linoleic acid. These results are in
accordance with our earlier investigations of liposoluble extracts of small grains [18]. The high intensity peak in Figure 1 with the retention time 20.40 min
is squalene [4].
Figure 2 shows the chromatogram of all three
Amaranthus sp. genotypes, from 10 to 21 min in
ethanol extract.
The analysis of amaranth chromatogram in Figure 2 identified trimethylsilyl derivatives of the sugars
presented in Table 2. Chromatograms of all three
genotypes are also similar, but less than in Figure 1.
Figure 2 shows two areas with silyl derivatives
of carbohydrates. The results of the chromatogram

About 10 g of the three genotypes of Amaranthus sp. were grinded: 2 (A1),16 (A2) and 31 (A3)
[22].
Each sample was homogenized and then
treated in the following manner: 0.5 g of flour was
poured in 12 mL cuvette for centrifugation with the
precision of 0.01 g. The cuvette was additionally filled
with 5 mL of n-hexane (Merck) and stirred on Vortex
for 2 min, after which the mixture was centrifuged at
2000 rpm for 5 min. After this 3 mL of clear supernatant were poured into a 10 mL beaker and left to
steam up on the room temperature. The volume of 10
µL was taken from the oily residue, reconstituted to
400 µL of methanol and additionally 100 µL of transesterification reagent-TMSH (Trimethylsulfonium hydroxide, 0.2M in methanol, Macherey-Nagel) were
added, by which derivatisation of fatty acids into
methyl esters was performed.
Preparation of samples for analysis of sugar
components
Samples of defatted flour were dried in the air.
Five mL of 96% ethanol (Merck), were added to the
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GC–MS Analyses
All the tests were performed on a gas-chromatography system.
The GC–MS analyses were performed on an
Agilent Technologies 7890 instrument paired with
MSD 5975 equipment (Agilent Technologies, Palo
Alto, CA, USA) operating in EI mode at 70 eV. A DP-5
MS column (30 m, 0.25 mm, 25 µm) was used. The
temperature programme was: 50–130 °C at 30 °C/min
and 130–300 °C at 10 °C/min. The injector temperature was 250 °C. The flow rate of the carrier gas
(helium) was 0.8 mL/min. A split ratio of 1:50 was
used for the injection of 1 μL of the solutions.
WILEY 275 library was used for the mass spectrum analysis.
PAST programme was used for the statistical
data processing [23].
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Figure 1. Chromatograms of all three genotypes of Amaranthus sp. (А1, А2 аnd А3) in the liposoluble (hexane) extracts.
Table 1. Retention time (Rt) of components of three genotypes Amaranthus sp. in the liposoluble (hexane) extracts
Rt / min

Component

10.808

Tetradecanoic acid, methyl ester

11.881
12.953

Pentadecanoic acid, methyl ester
Hexadecenoic acid, methyl ester

13.642

Hexadecanoic acid, methyl ester

13.907

Heptadecanoic acid, methyl ester

14.569

9,12-Octadecadienoic acid (Z,Z)-, methyl ester, methyl linoleate

14.675

9-Octadecenoic acid, methyl ester

14.887
15.522
16.635

Octadecanoic acid, methyl ester
Nonadecanoic acid, methyl ester
Eicosanoic acid, methyl ester

18.264

Docosanoic acid, methyl ester

19.019

Tricosanoic acid, methyl ester

19.50

Tetracosanoic acid, methyl ester

19.79

Ergost-5-en-3-ol

20.30

Pentacosanoic acid,methyl ester

20.40

Squalene

20.93

Hexacosanoic acid, methyl ester

21.14

γ-Sitosterol

21.32

Ethylcholestanol

revealed the presence of following compounds: from
10 to 12 minutes there is a presence of tetrose TMSI
ethers, and from 18 to 21 min there is a presence of
pentoso and hexsoso TMSI ethers. GC-MS allows
identification of the presence of TMSI esthers of fatty
acids, from 12 to 18 min, which remain after incomplete defattening. However, this is not the focus of the
research at the moment.
The carbohydrate content was much lower than
the unbound triglyceride content [17], and therefore

the remains of triglycerides are higher than the content of carbohydrates.
The purpose of the study was to identify liposoluble and hydrosoluble components and to compare presence of components in samples of hexane
and ethanol extracts from amaranth flour. Cluster
analysis was used for comparing the samples. A
single linkage algorithm and similarity measure type
of correlation has been used [22]. Figures 3 and 4
show dendrograms of Pearson’s r correlation of
liposoluble, i.e., hydrosoluble samples.
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Figure 2. Chromatograms of three genotypes of Amaranthus sp. (А1, А2 аnd А3) in the hydrosoluble (ethanol) extract.
Table 2. Retention time (Rt) of components of three genotypes Amaranthus sp. in the hydrosoluble (ethanol) extract
Rt / min
12.401
12.63

Compound
1,2,3,5-Tetrakis-O-(trimethylsilyl)-tetrose isomer
1,2,3,5-Tetrakis-O-(trimethylsilyl)-tetrose isomer

18.01

1,2,3,5-Tetrakis-O-(trimethylsilyl)-pentose isomer

18.514

D-Ribofuranose, 1,2,3,5-tetrakis-O-(trimethylsilyl)- (CAS)

18.98

Gluconic acid, 2,3,5,6-tetrakis-O-(trimethylsilyl)-, lactone

19.43

Glucofuranoside, methyl-tetrakis-o-(trimethylsilyl)-

19.547

2,3,5-tris-O-(trimethylsilyl)-hexose isomer

19.70

2,3,5-tris-O-(trimethylsilyl)-hexose isomer

20.046

PER-TMS D-Hexose isomer

Figure 3. Dendrogram of component correlations from Table 1
of three genotypes of Amaranthus sp. (А1, А2 аnd А3).
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Figure 4. Dendrogram of component correlations from Table 2
of three genotypes of Amaranthus sp. (А1, А2 аnd А3).
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A correlation coefficient is shown on the ordinate
(Y-axis). X-axis is labelled distance and refers to a
distance measure between clusters.
The dendrograms of Pearson’s r correlation
show that the similarity in the composition of lipophilic
substances of amaranth (components listed in Table
1) is significant (r > 0.9942, Figure 3).
Similarity in the composition of carbohydrates of
three types of amaranth components listed in Table 2
is much smaller (r > 0.64, Figure 4).
CONCLUSION
Gas chromatography-mass spectrometry was
used to show that the lipid compositions of all three
genotypes of Amaranthus sp. are, from the nutritional
aspect, very similar.
Gas chromatography-mass spectrometry also
showed that the sugar compositions of all three
genotypes of Amaranthus sp. are, from the nutritional
aspect, less similar.
Three genotypes of Amaranthus sp. have a
characteristic composition of liposoluble and hydrosoluble extracts. This was also detected in other plant
species (wheat, spelt and buckwheat).
Therefore, the final objective of this study is to
determine the authenticity of the flour and finished
products without an analysis of individual components
of the extracts in a relatively simple and quick manner.
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HОМОGЕNОSТ UZОRАKА ULJNIH I ŠЕĆЕRNIH
KОМPОNЕNТI BRАŠNА АМАRАNТUSА ISPIТАNIH
GC-MS HRОМАТОGRАFIЈОМ
Primеnоm gаsnе hrоmаtоgrаfiје sа mаsеnоm spеktrоmеtriјоm urаđеnа је kvаlitаtivnа
аnаlizа lipоsоlubilnih i hidrоsоlubilnih еkstrаkatа 3 genotipa amarantusa (Amaranthus sp.).
Svа tri uzоrkа su prvо оbеzmаšćеnа hеksаnоm. Hеksаnski еkstrаkti su kоrišćеni zа аnаlizu mаsnih kisеlinа lipidnih kоmpоnеnаtа. Rеаgеns zа trаnsеstеrifikаciјu је biо ТМSH (trimеtilsulfоniјum-hidrоksid, 0,2 M u mеtаnоlu). Rеаkciјоm trаnsеstеrifikаciје mаsnе kisеlinе
su iz аcilglicеrоlа еstеrifikоvаnе u mеtil еstrе. Оbеzmаšćеni uzоrci su zаtim sušеni nа vаzduhu i zаtim еkstrаhоvаni еtаnоlоm. Еkstrаkti еtаnоlа su kоrišćеni zа аnаlizu uglјеnih
hidrаtа. Rеаgеns zа dеrivаtizаciјu biо је ТМSI (trimеtilsililimidаzоl), čimе је izvršеnа dеrivаtizаciја šеćеrа u trimеtilsililеtrе. Rеzultаti pоkаzuјu dа su dоminаntni mеtil еstri mаsnih
kisеlinа svа tri uzоrkа vеоmа slični. Таkvа sličnоst niје uоčеnа pri аnаlizi rаstvоrlјivih
šеćеrа.
Ključne reči: Amаrаnthus sp., GC-MS, lipоsоlubilnе i hidrоsоlubilnе kоmpоnеntе, kоrеlаciја.
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AXIAL DISPERSION MODEL IN PREDICTIVE
MASS TRANSFER CORRELATION FOR
RANDOM PULSED PACKED COLUMN
Article Highlights
• Mass transfer in a ceramic intalox saddle PPC using axial mixing model was studied
• The effects of Qc, Qd and Af on KOca for two different systems were investigated
• The comparison of the predicted data with experimental results indicated 22.3%

AARE

Abstract

The continuous phase volumetric overall mass transfer coefficient in a ceramic
intalox saddle pulsed packed extraction column using axial dispersion model
was studied for two different liquid-liquid systems containing water/acetone/toluene and water/acetone/n-butyl acetate. The effects of pulsation intensity, continuous and dispersed phase flow rates on mass transfer coefficient
were investigated. The experimental results indicated that the mass transfer
coefficient was enhanced by increasing pulsation intensity and dispersed and
continuous phase flow rates. The utilization of nonlinear least square method
provided a new predictive correlation for the continuous phase overall mass
transfer coefficient. The developed mass transfer model was validated via the
comparison of the modeling data with experimental results with 18.7% average
absolute relative error (AARE). Furthermore, an empirical correlation was
developed for prediction of the continuous phase overall mass transfer coefficient as the function of the aforementioned operating variables.
Keywords: pulsation intensity, packed extraction column, mass transfer
correlation, non-ideal flow model.

The pulsed packed extraction column is commonly utilized for the separation of one component
from a liquid mixture via a liquid solvent. Currently,
the available modeling and experimental data for the
performance of extraction column is not enough for
industrial design and scale-up. The complexity of
mass transfer and fluid mechanics in the pulsed extraction column is the main cause of such shortcomings. Thus, providing viable predictive and experimental data has been the subject of many studies in
the last two decades [1-8]. The effect of non-ideal flow
has been neglected in most of the studies in which
the mass transfer trend was investigated for pulsed
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packed extraction column. Obviously, determination
of overall mass transfer coefficient can lead to erroneous results without consideration of axial dispersion effects [9,10]. Several incentives have been indicated concerning the application of pulsed packed
column such as leakage minimization, mass transfer
enhancement, elimination of internal mechanical parts
and the reduction of packed column height [11-13].
Therefore, many researches are needed in order to
provide the neccesary design information for industrial application of liquid-liquid pulsed packed extraction columns in removal of toxic components from a
liquid phase mixture such as radioactive or corrosive
wastewaters. Many other applications of this specific
extraction column have also been considered in petroleum, chemical and biochemical industries due to
maintenance simplicity. The essential research task in
this regard is the study of important effective variables
such as pulsation intensity and flow rates on the column design. One of the most important research chal-
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lenges facing the investigators is the development of
viable predictive correlation to determine the overall
mass transfer coefficient in the design of column
height. Experimental concentration profiles are usually used to obtain the mass transfer coefficient.
Several models including tubular plug flow, back flow
model, axial dispersion model and forward mixing
model have been previously developed in order to
reduce the cost of experimental studies [14-16]. In
order to describe the mass transfer performance in
extraction columns, different models, like the plug
flow model, are developed. The overall flow pattern in
extraction columns, however, is complex and based
on experience it became evident that the description
of mass transfer in column extractors with the plug
flow was oversimplified. Therefore, in general, axial
dispersion (back-mixing) of one or both phases needs
to be included in the description, since it shows a
major influence on the mass transfer performance.
The type of packing is considered to be another
important variable in the design of extraction column.
Even though some studies including pulsed packed
columns with random packing such as stainless steel
supermini ring (SMR) [16], stainless steel Raschig
ring [17] and ceramic Raschig ring [18] have been
carried out, but the mass transfer reliable data for
random pulsed packed column using ceramic intalox
saddle packing is still lacking. Therefore, the development of a reliable mass transfer correlation is needed
to predict the mass transfer behavior for the design of
random pulsed packed extraction columns using ceramic intalox saddle packing.
The aim of this work was to determine both
mass transfer and axial mixing parameters simultane-
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ously from solute concentration profiles. For this purpose, a pilot scale pulsed packed column with intalox
saddle packing was employed. The concentration
profile of the solute along the column was measured
and used to estimate the mass transfer and axial
mixing parameters in terms of the axial diffusion
model. The effects of important operating variables
(pulsation intensity, dispersed and continuous phase
flow rates) were experimentally investigated on the
volumetric mass transfer coefficient. Finally, an optimization method such as nonlinear least square was
used to develop an empirical correlation for the prediction of the volumetric overall continuous phase
mass transfer coefficient as a function of dimensionless variables.
EXPERIMENTAL
Figure 1 shows the experimental apparatus
used in this investigation. The stainless steel column
with internal diameter of 0.1 m and height of 2 m was
packed with 1/2 inch ceramic intalox saddle (bed
voidage = 0.7). The column was pulsed by blowing air
at the required amplitude and frequency into pulse
leg. The air pressure was controlled by a regulator to
provide pulses of the required amplitude in the column while the frequency of the pulses was controlled
by using two solenoid valves. The following correlation was used for calculation of the pulse amplitude
in the pulsed packed column:

A1S1 = A2S2ε
where A1 is the pulse amplitude in the air leg, A2 is the
pulse amplitude in the pulsed packed column, S1 is
the cross-sectional area of the air leg, S2 is the cross-

Figure 1. Schematic diagram of the structured pulsed packed extraction column [17].
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-sectional area of the pulsed packed column, and ε is
the packing porosity.
The column inlet and outlet were connected to
four tanks of 180 L capacity. The flow rates of continuous and dispersed phases were measured by two
rotameters. The interface location of two phases at
the top of the column was automatically controlled via
an optical sensor.
Two liquid systems of water/acetone/n-butyl
acetate (medium interfacial tension) and water/acetone/toluene (high interfacial tension) were studied in
this work. These two liquid systems were recommended by the European federation of chemical
engineering (E.F.C.E.) as official standard testing for
extraction studies [19]. The dilute solutions with 3.5
wt.% acetone in dispersed phase were used in all
experiments. Distilled water, n-butyl acetate and toluene of 99.5 wt.% purity were used as continuous
and dispersed phases, respectively. The physical
properties of two liquid–liquid systems are shown in
Table 1. The physical properties of two liquid systems
in the continuous and dispersed phases were estimated by using the average values of acetone concentration in the inlet and outlet streams.
Table 1. Physical properties of liquid systems at 20 °C [19]
Physical
property

ρc / kg m-3

Water/acetone/toluene

Water/acetone/n-butyl
acetate

994.4–995.7

994.3–995.8

ρd / kg m-3

864.4–865.2

879.6–881.4

μc / mPa s

1.059–1.075

1.075–1.088

μd / mPa s

0.574–0.584

0.723–0.738

σ / mN m-1

27.5–30.1

12.4–13.2

First, the column was filled with distilled water
and the dispersed phase was introduced. Then the
pulsation amplitude and frequency were fixed to the
suitable values. The proper height of interface location was controlled and after the period of one hour
the system reached the steady state condition. Eight
sampling ports were situated at equal distances along
the 2 m effective height of the column. Samples of the
phases were taken from each port for concentration
profile measurements under each given operation
condition. The acetone concentration in the samples
was measured by a UV/Vis spectrophotometer. The
holdup measurements were carried out via shut down
technique. The shutdown technique included closing
the inlet and outlet valves and allowing the dispersed
phase to coalesce to the interface at top of the column. A period of 10–15 min was allowed for the dispersed phase settlement. The drainage valve was
used for the collection and measurement of dispersed
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phase volume in order to obtain the holdup. This technique was repeated until the interface was at its initial
location. The flooding was avoided via selection of
proper operating conditions.
Modeling
The backflow and the axial diffusion models are
the most important practical approaches for considering the influence of the axial mixing on the mass
transfer performance of an extraction column. In the
diffusion model, applicable to differential-type extractors, non-ideality is expressed in terms of an axial
dispersion coefficient, E. In contrast, the backflow
model is basically a stage-wise model, in which the
total mixing is assumed within each stage, and the
deviation from plug flow is presented by a back-mixing coefficient, α, between adjacent stages. The following differential mass balance equations at steady
state were obtained based on the actual physical
conditions of this study:

−

1 d2 x
dx
+
+ NOc ( x − x * ) = 0
Pec dZ 2 dZ

(1)

−

ρQ
d2 y dy
−
− c c N (x − x * ) = 0
Ped dZ 2 dZ ρd Qd Oc

(2)

1

where:

Pec =

Z =

Qc H
Q H
, Ped = d
,
s ε (1 − ϕ )E c
s εϕE d

h
Hs ε (1 − ϕ )K Oc a
and N Oc =
H
Qc
The applied boundary conditions are:

Z = 0:

dx
dy
= 0 and −
= Pec ( x 0 − x Z =0+ )
dZ
dZ

Z = 1:

dy
dx
= 0 and
= Ped ( y 1 − y Z =1− )
dZ
dZ

The measured concentration profiles were used
to evaluate the parameters Pec, Ped and NOc. The
coupled differential Eqs. (1) and (2) were simultaneously solved by the modified 4th-order Runge-Kutta
numerical technique along with genetic algorithm to
obtain the three parameters.
RESULTS AND DISCUSSION
One of the main effective operating variables on
the mass transfer coefficient in the pulsed packed
column is pulsation intensity. The behavior of volumetric overall mass transfer coefficient is shown in
Figure 2 as a function of pulsation intensity. As exp-
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ected, a higher pulsation intensity results in a lower
value of the average droplet diameter and a higher
value of the dispersed phase holdup. The interfacial
area increases with both effects. However, the reduction of droplet size results in a reduction of internal
circulation and turbulence in the droplets and, consequently, the overall mass transfer coefficient decreases with an increase in pulsation intensity. At low
and medium values of the pulsation intensity, the
effect of the interfacial area is larger than that of the
overall mass transfer coefficient and, consequently,
the overall column performance increases with an
increase in pulsation intensity. At high values of the
pulsation intensity, however, the overall mass transfer
starts to fall significantly with the formation of rigid
droplets. The column performance is also largely
affected by the axial mixing at high values of the pulsation intensity. On this basis, the effect of pulsation
intensity on the volumetric overall mass transfer
becomes limited at high pulsation intensities.
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mass transfer coefficient. However the simultaneous
higher holdup and droplet size are obtained in Figure
3 in which two countereffect phenomena of positive
effect of higher holdup and negative effect of higher
droplet size on mass transfer coefficient are observed. However, as it is observed in Figure 3, the
overall effect of holdup and droplet size has caused
an increase in the interfacial area and mass transfer
coefficient. This observation may be explained by the
effect of holdup on interfacial area, which is more significant than droplet size. Therefore, higher dispersed
phase flow rate improves the interfacial area and
consequently the mass transfer coefficient.

Figure 3. Effect of dispersed phase flow rate on volumetric
overall mass transfer coefficient at constant continuous phase
flow rate and pulsation intensity (Qc = 14 l/h, Af = 2 cm/s).

Figure 2. Effect of pulsation intensity on volumetric overall mass
transfer coefficient at constant flow rates (Qd = 17 l/h,
Qc = 14 l/h).

Another important effective operating variable
on the mass transfer coefficient in the pulsed packed
column is dispersed phase flow rate. The trend of volumetric overall mass transfer coefficient as a function
of dispersed phase flow rate is shown in Figure 3. It is
observed from the experimental data that the volumetric overall mass transfer coefficient is improved by
increasing dispersed phase flow rates of both systems. In the observed phenomenon two countereffect
variables of holdup and droplet size create the trend
of volumetric overall mass transfer coefficient. Other
researchers [20,21] have found that higher dispersed
phase flow rate increases both holdup and droplet
size. The obtained results of Figure 2 indicated that
higher holdup and lower droplet size enhances the
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Figure 4 shows the effect of continuous phase
flow rate on volumetric overall mass transfer coefficient. The higher continuous phase flow rate
enhances the overall mass transfer coefficient for
both systems. The observed mass transfer behavior
in Figure 4 is very similar to Figure 3 trend in terms of
two countereffect variables (holdup and droplet size).
The aforementioned similarity exists in which the
positive effect of higher holdup is more significant
than the negative effect of higher holdup and consequently it is concluded that higher continuous
phase flow rate enhances the interfacial area and
mass transfer coefficient. As shown in Figure 4, higher
mass transfer coefficient is obtained for the system of
water/acetone/toluene with respect to water/acetone/
/n-butyl acetate. All the obtained experimental data
are shown in Table 2. These experimental data are
the average results of triplicate runs with standard
deviation of ±1.7%.
The development of a viable mass transfer correlation for the design of random pulsed packed extraction column was the main objective of this study.
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The above correlation was obtained by using the
experimental data obtained in this study and that of
Safari et al. [17]. The authentication of this correlation
was carried out by the comparison of predicted data
with experimental results. Thus the correlation of Eq.
(3) was validated with the average absolute relaive
error (AARE) of 18.7%. Figures 5 and 6 show an
acceptable compatibility between experimental and
predicted data. The process engineers whose objective is to optimize the operating conditions in the
design of random pulsed packed extraction column
using ceramic intalox saddle may use the reported
correlation of this study in order to minimize the experimental expenses.

Figure 4. Effect of continuous phase flow rate on volumetric
overall mass transfer coefficient at constant dispersed phase
flow rate and pulsation intensity (Qd = 17 l/h, Af = 2 cm/s).

The numerical investigation of the experimental data
of continuous phase overall mass transfer coefficient
as a function of dimensionless variables led to the
development of a general equation for the prediction
of KOca at different operating conditions. The obtained
correlation is economically a very valuable engineering tool in which high experimental expenses can be
avoided in case the optimum design of extraction column is the ultimate aim of the study. The development of a correlation for the mass transfer coefficient
was acomplished via the application of nonlinear least
square method:

 ( Af )4 ρc 

 gσ 

−0.028

K Oc a = 7.78 × 10−5 

 Vc 
1 + 
 Vd 

−0.815
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Figure 5. Comparison of experimental data with calculated
values.

 ε 3 g Δρ 


 a p ρc 

−0.591

 μc 4 g 

3
 Δρσ 

0.171

 μc 
 
 μd 

−2.511

(3)

Table 2. Experimental values of axial dispersion model for ceramic intalox saddle packing
Ceramic intalox saddle packing

Water/acetone/n-butyl acetate

Water/acetone/toluene

Af / cm s-1

Qc / l h-1

Qd / l h-1

KOca / 10-4 s-1 Ec / 10-2 m2 s-1 Ed / 10-3 m2 s-1 KOca / 10-4 s-1 Ec / 10-2 m2 s-1 Ed / 10-2 m2 s-1

2

14

10

4.58

2.11

4.96

1.87

1.21

1.01

2

14

13

5.35

2.02

3.87

2.20

1.63

0.824

2

14

17

8.70

2.73

3.8

5.10

2.41

1.41

2

14

22

6.30

1.48

6.14

3.60

3.35

3.00

2

14

25

6.40

1.34

2.94

3.86

2.64

1.38

1

14

17

6.00

3.85

1.69

3.90

2.80

1.4

1.4

14

17

6.96

1.05E

2.44

4.10

1.17

0.653

2.6

14

17

7.80

1.37

1.66

6.40

1.39

0.948

3

14

17

8.73

0.345

2.47

6.70

1.85

1.83

2

8

17

4.09

2.80

1.69

3.10

2.91

0.820

2

10

17

5.10

2.27

1.37

3.22

1.22

0.450

2

20

17

6.63

0.332

2.88

3.50

2.1

1.73

2

25

17

6.50

1.80

5.59

5.62

1.94

1.47
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Greek symbols
α
ρ
Δρ
μ
ε
σ

backflow coefficient
density (kg/m3)
density difference between phases (kg/m3)
viscosity (Pa s)
packing porosity
interfacial tension between two phases (N/m)

Subscripts

Figure 6. Comparison of calculated values and experimental
data obtained from Safari et al. [17].

Nomenclature
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equilibrium value
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NAUČNI RAD

KORELACIJA ZA PRENOS MASE U PULZACIONOJ
PAKOVANOJ KOLONI NA OSNOVU MODELA
AKSIJALNE DISPERZIJE
Zapreminski koeficijent prenosa mase u kontinualnoj fazi pulzacionoj ekstrakcionoj koloni
punjenoj sa keramičkim sedlima Intalox je istraživan u dva sistema tečno-tečno (voda-aceton-toluen i voda-aceton-n-butil acetat) koristeći model aksijalne disperzije. Istraživani
su uticaji intenziteta pulzacije i protoka kontinualne i dispergovane faze na koeficijent prenosa mase. Eksperimentalni rezultati su ukazali da se koeficijent prenosa mase povećava
sa povećanjem intenziteta pulzacije i protoka kontinualne i dispergovane faze. Korišćenjem nelinearne metode najmanjih kvadrata dobijena je nova korelacija za zapreminski
koeficijent prenosa mase u kontinualnoj fazi. Razvijeni model prenosa mase je potvrđen
poređenjem izračunatih sa eksperimentalnim podacima sa srednjom relativnom apsolutnom greškom 18,7%. Takođe, razvijena je empirijska korelacija za izračunavanje zapreminskog koeficijenta prenosa mase u kontinualnoj fazi kao funkcija gore navedenih operativnih faktora.
Ključne reči: intenzitet pulzacije, ekstrakciona pakovana kolona, korelacija za
prenos mase, model neidealnog strujanja.
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PREPARATION AND CHARACTERIZATION
OF QUERCETIN-LOADED SILICA
MICROSPHERES STABILIZED BY
COMBINED MULTIPLE EMULSION AND
SOL-GEL PROCESSES
Article Highlights
• Silica microspheres loaded with quercetin were prepared using P/O/W emulsion/sol-gel
method
• SEM/EDX analysis of silica microspheres showed the microcapsules filled with quercetin
• The encapsulation efficiencies of silica microspheres of quercetin ranged from
17.8±2.5 to 27.5±1.9%
• Residual content of quercetin encapsulated in silica microsphrere was still 82% at 42
°C
Abstract

Despite exhibiting a wide spectrum of cosmeceutical properties, flavonoids and
related compounds have some limitations related to their stability and solubility
in distilled water. In this project, we prepared silica microspheres using a novel
method that uses polyol-in-oil-in-water (P/O/W) emulsion and sol-gel methods
as techniques for stabilizing quercetin. A stable microsphere suspension was
successfully prepared using a mixed solvent system comprising a polyol-phase
medium for performing the sol-gel processing of tetraethyl orthosilicate (TEOS)
as an inorganic precursor with outer water phase. The morphology of the
microsphere was evaluated using a scanning electron microscope (SEM),
which showed a characteristic spherical particle shape with a smooth surface.
Furthermore, SEM/EDS analysis of a representative microsphere demonstrated that the inner structure of the silica microspheres was filled with quercetin. The mean diameter of the microsphere was in the range 20.6–35.0 μm,
and the encapsulation efficiency ranged from 17.8 to 27.5%. The free and
encapsulated quercetin samples were incubated in separate aqueous solutions at 25 and 42 °C for 28 days. The residual content of the quercetin
encapsulated by silica microspheres was 82% at 42 °C. In contrast, that of the
free quercetin stored at 42 °C decreased to ∼24%.
Keywords: microsphere, silica, flavonoid, quercetin, multiple emulsion,
sol-gel.

Flavonoids and related compounds, a class of
phenolic compounds widely distributed in plants, can
protect an organism against reactive oxygen species
(ROS). Quercetin is one of the most abundant natural
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flavonoids found in various common vegetables and
fruits. Quercetin, a topical antioxidant, is known to
delay ultraviolet (UV) radiation-mediated oxidant
injury and cell death by scavenging oxygen radicals,
protecting lipids against peroxidation to terminate the
chain-radical reaction, and chelating metal ions to
form inert complexes that prevent the conversion of
superoxide radicals and hydrogen peroxide into hydroxyl radicals [1,2]. However, the therapeutic usefulness of these potential benefits is limited by the unfa-
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vorable physicochemical properties of this compound;
this includes its very poor water solubility and low
stability [3]. Conventional formulations to improve
solubility suffer from low bioavailability and poor pharmacokinetics [4]. Therefore, the double emulsion solvent evaporation method is insufficient to encapsulate
some pharmaceutically useful drugs having poor solubility in water and selected organic solvents [5,6].
The design of custom polymer architectures (including amphiphilic block copolymers, comb-shaped polymers, dendrimers and hyperbranched polymers) has
been extensively employed for the delivery of hydrophobic drugs by means of encapsulation in micelles,
nanoparticles, microspheres, or capsules [7-10].
Microcapsules exhibit a number of interesting
characteristics. The primary reasons for microencapsulation include the ability to control the release of
encapsulated drugs, protect the encapsulated materials against oxidation or deactivation due to reaction
in the environment, mask the odor and/or taste of
encapsulated materials, and isolate the encapsulated
materials from undesirable phenomena [11]. To date,
most studies on this subject focus on encapsulation
by the liposomal method, molecular encapsulation by
cyclodextrin and nanostructured lipid carrier method
[12-14].
Multiple emulsions are complex and thermodynamically unstable systems, which combine either o/w
or w/o emulsions in one system [15]. Multiple emulsions have been used as a means of delivering drugs
to specified targets in the body while preventing possible deleterious effects of these drugs on other
organs and prolonging the release of the drugs that
have a short biological half-life [16]. In addition, multiple emulsions have recently been used as reaction
media to synthesize polymer microspheres encapsulating drugs, peptides or proteins by a solvent evaporation method [17,18].
Microencapsulation using inorganic materials
such as silica can be performed by the sol-gel
method. The sol-gel/emulsion approach is well suited
to the control of shape, density, amount, and surface
properties of hollow spheres, and it is a simple and
economical method [19]. Stőber et al. [20] reported
the synthesis of monodisperse silica particles in an
aqueous alcohol solution from silica alkoxide using a
sol-gel method that has been successfully utilized for
the synthesis of inorganic particles.
This study suggests that the combination of a
novel polyol-in-oil in water (P/O/W) emulsion with a
sol-gel process can be applied to the encapsulation of
flavonoids to produce capsules with high encapsulation efficiency and good properties. In addition, a
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newly developed quercetin-loaded silica microsphere
system was devised to improve the quercetin stability
and its properties as a cosmetic raw material, thus
creating potential for its use in future applications.
The formation of silica microspheres containing quercetin was confirmed by performing scanning electron
microscopy(SEM)/energy-dispersive X-ray spectroscopy (EDS) analysis.
EXPERIMENTAL
Materials
The following chemicals were obtained from
commercial sources and used as received: quercetin
dihydrate were obtained from Sigma-Aldrich Cheme
GmbH (Steinheim, Germany). Acrylates/C10-30 alkyl
acrylate crosspolymers (Pemulen® TR-2), a co-surfactant, were obtained from BF Goodrich Company
(OH, USA). PEG-10 Dimethicone (KF® 6017), a lipophilic surfactant, was purchased from Shinetsu Chemical Co. (Tokyo, Japan). Polyoxyethylene sorbitan
monolaurate (Tween® #20), a hydrophilic surfactant,
was purchased from Sigma-Aldrich Cheme GmbH
(Steinheim, Germany). Hydroxyethylcellulose (Natrosol® 250), a stabilizer of emulsion structure, were
obtained from Aqualon (Wilmington, NC, USA). Tetraethyl orthosilicate (TEOS, 98%), a silica source, was
purchased from Sigma-Aldrich Cheme GmbH (Steinheim, Germany). Nitric acid (HNO3, 60%), an acidic
catalyst, was purchased from Samchun Pure Chemicals Co. Ltd (Seoul, Korea). 1,3-Butylene glycol
was purchased from Kyowa Hakko Chemical Co.
(Tokyo, Japan) and glycerin solvent was obtained
from P&G (Selangor Darul Ehsan, Malaysia). The
water used in this study was deionized and doubly
distilled using a Milli-Q Plus system (Millipore, France).
Preparation of silica microspheres
Silica microspheres were prepared in three
stages using a polyol/TEOS/water multiple emulsion
and a sol-gel process (Table 1).

Stage 1: Preparation of polyol-in-oil-in-water emulsion
and sol-gel transition
Quercetin was dissolved in a mixture of 1,3-butylene glycol and glycerin (50:50) containing 1.0 wt.%
Pemulen® TR-2. The suspensions containing 5 mL of
2.0 wt.% quercetin was emulsified into 25 mL of
TEOS containing a lipophilic surfactant (PEG-10
dimethicone) to obtain a primary polyol-in-oil (P/O)
emulsion by homogenization at a rate of 7000 rpm
using a homogenizer (T.K. ROBOMICS®, Tokushu,
Kika Kogyo Co., Ltd., Tokyo, Japan) for 15 min. After
homogenization, the primary P/O emulsion was emul-
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Table 1. Processing conditions used throughout the study
Parameter
Polyol phase
Oil phase
Water phase

Processing conditions
20.0 wt.% of polyol mixture (1,3-butylene glycol, glycerin, 50:50) containing quercetin
2.0 mass%
®

10.5–62.0 mL of TEOS 10.0–60.0 mass% and KF 6017 0.5–2.0 mass%
®

95.0 mL of Glycerin 40.0 mass% solution containing 2.0% Natrosol 250, 0.10 M nitric
®
acid and Tween #20

Conditions used to prepare primary emulsion
(P/O)

7000 rpm, 10 min, room temperature

Conditions used to prepare secondary emulsion
(P/O/W)

2000 rpm, 10 min, room temperature

sified into a water phase containing 40.0% (w/w) glycerin, 2.0% (w/w) hydroxyethylcellulose, 0.1 M nitric
acid, and 1.0% (w/w) polyoxyethylene sorbitan monolaurate at a rate of 2000 rpm using a homogenizer to
prepare the P/O/W emulsion.

Stage 2: Gel maturation
After emulsification for 10 min, the P/O/W emulsion was agitated with a magnetic stirring bar at a rate
of 600 rpm at 40 °C for 24 h.

Stage 3: Washing
After gel maturation, samples were centrifuged
at 3000 rpm for 3 min to collect the particles.
Obtained particles were washed repeatedly to remove
oil, unreacted precursors, and surfactants. Then, the
precipitate was filtered, washed with deionized water,
and dried at 45 °C for 2 h.
Characterization
The external and internal morphologies of the
microspheres were analyzed using SEM (Carl Zeiss,
LEO-1530, Tokyo, Japan). The microspheres were
fixed on a brass stub using double-sided adhesive
tape, and, subsequently, were rendered electrically
conductive by coating them with a thin layer of
platinum (∼3–5 nm) in a vacuum for 100 s at 30 W.
The particle size distribution was analyzed using a
particle size analyzer (Malvern Mastersizer 2000,
Malvern Instruments, Worcestershire, UK) by dispersing the microspheres in an aqueous solution. Particle size was expressed as the mean equivalent
volume diameter. Three replicates were analyzed for
each batch of microspheres. Energy-dispersive X-ray
spectrometer (EDS) analysis was conducted using an
Iridium Ultra™ energy-dispersive X-ray spectrometer
(IXRF Systems, USA) to characterize the atomic percents in the particles on carbon coated copper grid
with FE-SEM (VEGA3 LMU, TESCAN, Czech Republic).

Encapsulation efficiency
100 mg of dried microspheres were suspended
in 10 mL of MeOH. The microsphere aggregates and
quercetin were dispersed by sonication. After dilution,
the samples were assayed for quercetin content using
high-performance liquid chromatography (HPLC). The
encapsulation efficiencies were calculated using the
following equation:

Encapsulation efficiency (%) =
=

Entrapped drug
× 100
Initialadded drug

(1)

Determination of quercetin concentration (HPLC
analysis)
The quantification of quercetin was performed
using a Waters 2695 Alliance HPLC system (MA,
USA) and a Waters 996 PDA detector (MA, USA).
The samples were separated on a Waters 120 ODSBP column (4.6 mm×250 mm, 5 μm, Daiso Watchers,
Osaka, Japan). Mobile phases comprising 100%
methanol were used. The quercetin in the samples
was identified and quantified using standards by comparing the retention time and UV detection at 370 nm.

Determination of quercetin stability
To determine the effect of encapsulation on the
quercetin stability in aqueous solution, free quercetin
and encapsulated quercetin were incubated at 25 and
42 °C, respectively, for 28 days. Microspheres equivalent to 10 mg of quercetin were suspended in 20
mL of isotonic phosphate buffer solution (PBS, pH
7.4±0.2) containing 1.0% polysorbate 80. The
samples were collected at predetermined times for
evaluating their residual quercetin concentrations, as
described above. All the samples were analyzed
using HPLC immediately after their preparation.
Data analysis
The experimental results are expressed by the
mean ± standard deviation (SD). The mean and SD of
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the results from at least three independent experiments were calculated using Microsoft Excel (WA,
USA) software. All data were subjected to statistical
analysis using the one-way analysis of variance
(ANOVA) to examine for them any significant difference. P values of < 0.05 were considered to be significant. The paired t-test was used for estimating of
the difference between the means of the two groups.
The paired t-test assumes that the variances of two
populations are equal. The determination of whether
the assumption of equal variances is valid requires
the use of a one-way ANOVA.
RESULTS AND DISCUSSIONS
Preparation of silica microspheres using combined
P/O/W emulsion/sol-gel process
Silica microspheres were prepared by a novel
P/O/W emulsion/sol-gel process using quercetin as a
model flavonoid drug. According to a report by Lee et
al. [5], when selecting a polyol as an inner polyol
phase medium, it is imperative that the polyol should
be able to solubilize quercetin. 1,3-Butylene glycol is
a good solvent for quercetin. However, the use of 1,3-butylene glycol alone as an inner polyol-phase
medium did not ensure the formation of a stable
emulsion; therefore, glycerin was included to increase
the stability of the primary P/O emulsion. Finally, Lee
et al. [5] produced quercetin-loaded poly (methyl
methacrylate) microcapsules using a polyol-in-oil-in-polyol (P/O/P) emulsion and a solvent evaporation
method.
In this study, microspheres were used to study
the respective effects of TEOS concentration, lipophilic surfactant concentration in the oil phase, hydrophilic surfactant concentration, and nitric acid concentration as acidic catalyst in the water phase on the
mean size of microspheres, as well as on the quer-
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cetin-encapsulation efficiency. The results are given
in Table 2.
Several investigators have reported that the
molar ratio of H2O to TEOS (Rw) significantly affects
the synthesis of particles by the sol-gel technique
[21,22]. Lindberg et al. reported that an additional
parameter affecting the original emulsion is the
amount of ethanol released during the hydrolysis step
of TEOS [23].
Morphology
The SEM images of quercetin-loaded silica microspheres are presented in Figure 1. The microspheres produced by the combined P/O/W emulsion/sol-gel method were spherical and not aggregated.
Furthermore, no significant differences were
observed between the outer surface morphology of
microspheres within the same batch (Figure 1a).
Figure 1b shows a cross section image of quercetinloaded silica microsphere which form highly branched
silica network.
Effect of Rw (molar ratio of H2O to TEOS) on
microspheres
According a study by Lee et al. [21], the increase in Rw causes a stronger nucleophilic reaction
between H2O and alkoxide molecules. Thus, the
hydrolysis is fast and more alkoxides are converted to
the corresponding metal hydrates. Then, the monomers of metal hydrates react with each other to form
particle-like polymers and many nuclei of constant
surface area are formed in the solution.
Thus, particles have larger sizes with higher
density after the growth step. However, a low Rw
value leads to the formation of wide distributed nuclei,
after the growth process, the obtained particles have
small spherical and homogeneous particles (Figure
1c–f). These results, indicative of more complete hyd-

Table 2. Synthesis of silica microsphere loaded quercetin by sol-gel method; *p < 0.05, **p < 0.01
H2O/TEOS molar ratio
(Rw)

Surfactant in oil phase
mass%

Nitric acid in water
phase (M)

Particle size
μm

Encapsulation efficiency
%

A

40

1.0

0.10

20.6±3.2**

17.8±2.5*

B

50

1.0

0.10

25.0±2.0**

20.4±2.8

C

60

1.0

0.10

25.8±2.5**

23.4±2.1*

D

70

1.0

0.10

35.0±2.3

26.5±2.3

E

60

0.5

0.10

30.2±2.5

22.8±2.7

F

60

1.5

0.10

24.3±3.0*

24.1±2.5**

G

60

2.0

0.10

20.6±3.1**

27.5±1.9

H

60

1.0

0.05

34.7±2.3

18.8±3.9

Sample

I

60

1.0

0.15

25.3±3.0**

23.1±3.0**

J

60

1.0

0.20

30.4±4.0

20.8±2.4
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Figure 1. Scanning electron microscopy images of quercetin-loaded silica microspheres prepared using P/O/W emulsion and sol-gel
method: a) surface morphology, b) cross-sectioned image of microcapsule; Rw: 40 (c), 50 (d), 60 (e) and 70 (f), with morphologies of
silica particles formed by changing TEOS concentration.

rolysis and greater density with increasing Rw, are in
agreement with those of other workers [22]. The
mean particle size of the microspheres ranged from
20.6±3.2 to 35.0±2.3 μm. The increase of Rw resulted
in a slightly increased mean particle size (Figure 2a).
Analysis of the significance of Rw effect on the mean
particle size showed that statistically significant
differences existed (p < 0.05).

20.6±3.1 to 30.2±2.5 μm. The increase in the surfactant concentration slightly decreased the mean
droplet size and increased the uniformity of the primary emulsion, and thus, led to a decreased mean
microsphere size. An analysis of the significance of
lipophilic surfactant concentration effect on the mean
particle size showed statistically significant differences (p < 0.05).

Effect of surfactant concentration on microspheres

Effect of nitric acid as catalyst on microspheres

The influence of the lipophilic surfactant concentration in the oil phase on the particle size (Figure 2b)
was also evaluated, and it was observed that increased lipophilic surfactant concentration decreased
the mean diameter of the microspheres, which
reached a minimum at a surfactant concentration of
2.0%.
The size of the microspheres expressed as the
mean geometric diameter (±SD, n = 3) ranged from

Changes in the solution pH alter the relative
rates of hydrolysis and condensation, yielding products ranging from slightly branched silicate polymers
to compact particulate silica sols [24].
At low pH, acid catalysis promotes hydrolysis
but hinders both condensation and dissolution reactions. At high pH, acid catalysis impedes hydrolysis
but promotes both condensation and dissolution reactions [25]. Consequently, for the P/O/W emulsion
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synthesis of silica particles using acid catalysis, silica
growth is observed and homogeneous particles are
formed (Figure 3a-d).

Figure 2. Mean diameter of microsphers: a) formed at different
Rw; b) different surfactant concentrations in oil phase; c) different contents of nitric acid: size of microsphers is expressed
as the mean geometric diameter. Error bars represent s.d. of
the mean (n = 3). Statistical differences were assessed by oneway ANOVA followed by paired T- test, *p < 0.05, **p < 0.01,
***p < 0.001.

The influence of nitric acid as catalyst on the
particle size was also evaluated, and it was observed
that increased nitric acid concentration decreased the
mean diameter of the microspheres, which reached a
minimum value at 0.15 M (Figure 2c). An analysis of
the significance of the nitric acid concentration effect
on the mean particle size showed statistically significant differences (p < 0.05). However, at high concentration (0.20 M of nitric acid concentration), an
unstable and rough spherical microsphere morphology resulted.
EDS Analysis of quercetin-loaded silica microsphere
In Figure 4, it can be clearly seen that the
encapsulated silica materials show obviously the ele-
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Figure 3. Scanning electron images of quercetin-loaded silica
microspheres under four different molar content of nitric acid: a)
0.05, b) 0.10, c) 0.15 and d) 0.20 M.

mental compounds (carbon and oxygen) of quercetin
in silica microsphere. Figure 4A shows the FE-SEM
(Figure 4A (a)), EDS spectrum (Figure 4A (b)) and
EDX mapping (Figure 4A (c)) of the silica microsphere whole area. It can be observed that C, O and
Si were present on the surface with a composition of
73.27% C, 25.34% O and 3.39% Si. Figure 4B shows
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Figure 4. SEM Image (a), EDS spectrum (b) and EDX mapping (c) of carbon, oxygen and silicon content of quercetin-loaded silica
microsphere; A) silica microsphere whole area, B) inside silica microsphere.

the FE-SEM (Figure 4B (a)), EDS spectrum (Figure
4B (b)) and EDX mapping (Figure 4B (c)) taken inside
silica microsphere. It can be observed that C, O and
Si were present inside silica microsphere with a
composition of 85.05% C, 14.23% O and 0.72% Si.
According to SEM/EDX analysis, the encapsulated materials contain mainly silicon and oxygen
atoms which form the highly branched silica network.
The peak attributed to carbon atoms increased in the
microsphere interior, similarly to what reported for
flavonoid encapsulated in silica networks by Lacatusu
et al. [26].
Encapsulation efficiency
An increase of Rw resulted in slightly increased
encapsulation efficiencies (Figure 5a). The encapsulation efficiencies ranged from 17.8±2.5% to 26.5±
±2.3%. The encapsulation efficiency of the drug
depended on the quantity of microspheres that
encapsulated the drug in the continuous phase. An

analysis of the significance of Rw effect on the mean
particle size showed statistically significant differences (p < 0.05).
The effect of the lipophilic surfactant concentration in the oil phase on the encapsulation efficiency
(Figure 5b) was also evaluated, and it was shown that
increasing the lipophilic surfactant concentration increased the encapsulation efficiencies of the microspheres.
The encapsulation efficiencies of the microspheres (Table 2) ranged from 22.8±2.7 to 27.5±1.9%.
Increase in the surfactant concentration significantly
decreased the droplet size and increased the uniformity of the primary emulsion; this led to a decreased probability of effluence of the inner polyol
phase into the water phase, thus increasing the
encapsulation efficiency. An analysis of the significance of the lipophilic-surfactant-concentration effect
on the mean particle size showed statistically significant differences (p < 0.05).
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Then, the samples were collected at predetermined
times for evaluating the residual quercetin concentration, as described previously.
As shown in Figure 6a, the free quercetin and
the quercetin encapsulated in silica microcapsules in
aqueous solution showed similar stabilities of
quercetin at 25 °C at 28 days.

Figure 5. Encapsulation efficiencies of microsphere: a) formed
at different Rw; b) different surfactant concentrations in oil
phase; c) different contents of nitric acid. Error bars represent
the s.d. of the mean (n = 3). Statistical differences were
assessed by one-way ANOVA followed by paired T- test,
*p < 0.05, **p < 0.01, ***p < 0.001.

Nitric acid was used as the acid catalyst and the
effect of the nitric acid concentration on the
encapsulation efficiency (Figure 5c) of the silica microspheres was also evaluated.
At low molar concentration ([HNO3] = 0.05), the
encapsulation efficiency was low, though at higher
molar concentration, the encapsulation efficiency had
higher value. An analysis of the significance of the
nitric-acid-concentration effect on the mean particle
size showed statistically significant differences (p <
< 0.05). However, at the highest molar concentration,
the encapsulation efficiency assumed the lowest
value.
Effect of encapsulation on quercetin stability in
aqueous solution
To determine the effect of encapsulation on
quercetin stability in aqueous solution, both free quercetin and encapsulated quercetin were incubated
separately at 25 and 42 °C, respectively, for 28 days.
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Figure 6. Effect of encapsulation on quercetin stability in
aqueous solution: stored at a) 25 and b) 42 °C; free quercetin
(○), encapsulated quercetin (△). Error bars represent s.d. of the
mean (n = 3). Statistical differences were assessed by one-way
ANOVA followed by paired T- test, *p < 0.05,
**p < 0.01, ***p < 0.001.

However, the samples stored at a high temperature showed a significant difference. The quercetin
contents of free quercetin and quercetin encapsulated
in silica microspheres were reduced by ∼80 and 20%,
respectively, at 42 °C and 28 days (Figure 6b). This
result agrees with the conclusions of Makris et al.,
who reported that the sensitivity of flavonoids toward
auto-oxidation and heating resulted in their poor stability in aqueous aerobic environments [27].
CONCLUSIONS
Silica microspheres were prepared by a novel
polyol-in-oil in water (P/O/W) emulsion/sol-gel
method, in which quercetin was tested as a model
flavonoid drug. The microspheres were spherical with
a smooth surface. EDS/SEM analysis of selected
silica microspheres showed that individual microspheres were filled with quercetin. The mean dia-
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meter was between 20.6±3.2 and 35.0±2.3 μm, and
the encapsulation efficiencies ranged from 17.8±2.5
to 27.5±1.9%.
On storing the free quercetin at 42 °C for 28
days, the residual content of the quercetin gradually
decreased by 76%, whereas that of the quercetin that
was encapsulated in silica microspheres decreased
by only 18%.
These diverse results suggest that the novel
polyol-in-oil-in water (P/O/W) emulsion and sol-gel
method can be successfully be applied to the encapsulation of flavonoids. Furthermore, a newly developed silica microsphere system was devised to
improve the quercetin stability as well as its properties
as a cosmetic raw material; this would make it potentially useful in future applications.
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PRIPREMA I KARAKTERIZACIJA SILIKA
MIKROSFERA SA KVERCETINOM
STABILIZOVANIH SLOŽENIM EMULZIONIM I
SOL-GEL PROCESIMA
Uprkos različitoj kozmetičkoj primeni, flvonoidi i slična jedinjenja imaju i odgovarajuća
ograničenja vezana za njihovu stabilnosti i rastvorljivost u destilovanoj vodi. U ovom radu,
novom metodom su pripremljene silika mikrosfere novom metodom koja koristi emulziju
poliola, ulja i vode (P/O/V) i sol-gel metodom kojima se stabilizuje kvercetin. Stabilna
suspenzija mikrosfera je uspešno pripremljena korišćenjem mešovitog sistema rastvarača
koji sadrži poliolnu fazu u sol-gel obradi tetraetil ortosilikata (TEOS) kao neorganskog prekursora sa spoljnom vodenom fazom. Morfologija mikrosfera je određena korišćenjem
SEM metode, koja je pokazala karakterističan sferni oblik čestica sa glatkom površinom.
Takođe, SEM/EDS analiza reprezentativne mikrosfere je pokazala da je unutrašnja struktura silika mikrosfere ispunjena kvercetinom. Srednji prečnik mikrosfere je u opsegu 20,6-35,0 μm, a efikasnost enkapsulacije je u opsegu od 17,8 do 27,5%. Uzorci slobodnog i
inkapsuliranog kvercetina su inkubirani 28 dana u odvojenim vodenim rastvorima na 25 i
42 °C. Zaostali sadržaj kvercetina inkapsuliranog u silika mikrosferi je 82% na 42 °C.
Nasuprot tome, slobodni kvercetin skladišten na 42 °C smanjen je na oko 24%.
Ključne reči: mikrosfera, silika, flavonoid, kvercetin, složena emulzija, sol-gel.
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Article Highlights
• A new model for an FCC unit stripper is presented
• This model correlates stripper efficiency to all the important stripper variables
• It models the evolution of the coke concentration against residence time of catalyst
• It models the evolution of the stripper efficiency against steam flow
• It models the evolution of the required steam flow when the stripper temperature is
increased
Abstract

This paper presents our modelling of a FCCU stripper, following our earlier
research. This model can measure stripper efficiency against the most important variables: pressure, temperature, residence time and steam flow. Few
models in the literature model the stripper and usually they do against only one
variable. Nevertheless, there is general agreement on the importance of the
stripper in the overall process, and the fact that there are few models is due to
the difficulty to obtain a comprehensive model. On the other hand, the proposed model does use all the variables of the stripper, calculating efficiency on
the basis of steam flow, pressure, residence time and temperature. The correctness of the model is then analysed, and we examine several possible scenarios, like decreasing the steam flow, which is achieved by increasing the
temperature in the stripper.
Keywords: coke, modelling, simulation, efficiency, stripper, FCCU.

In the following we present a new model for the
stripper of a fluidized bed catalytic cracking (FCC)
unit, which adds to and improves upon earlier work
[1-4]. Commercial FCC units are essential in the
design of any modern refinery, and are controlled,
simulated and optimized by means of complex
models. Most of these are unpublished, although
some, almost all of which are developed by university-based research groups, are accessible [5-13]. A
quite new approach can be seen in papers by Zeydan
[14] and Taskin et al. [15], where they use the fuzzy
logic, from techniques of artificial intelligence, to deal
with the highly complex non-linear relations between
the FCCU variables, and it looks a very interesting
and a very promising approach.
These FCC models are modelling the cracking
reactions that take place in the riser. They also often
Correspondence: M. García-Dopico, Repsol S.A., Engineering
Department, Méndez Álvaro nº 44, 28045 Madrid, Spain.
E-mail: mgarciad@repsol.com
Paper received: 18 September, 2013
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model coke combustion in the regenerator. The stripper, however, is very often overlooked, due to the
difficulty of modelling it, although it is an indispensable component for the correct operation of an FCC
unit.
Process in the stripper
The riser output is composed of a mixture of different types of vaporized hydrocarbons, steam and
spent catalyst. In the reactor vessel the hydrocarbons
and the catalyst are separated, then the catalyst is
sent to the stripper.
The deactivated catalyst contains not only coke
that has been formed, but also high molecular weight
hydrocarbons, most of which are part of the
uncracked feed. Unlike coke, these hydrocarbons are
not adsorbed; they are entrained in the catalyst.
These hydrocarbons are called cat-to-oil coke.
Although they are not strictly speaking coke, they
ultimately behave as such, at least from the viewpoint
of the heat balance. Also they represent a fraction of
the feed that does not yield a product.
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The key function of the stripper is mass transfer.
The stripper is responsible for removing hydrocarbons
entrained on the surface of the catalyst. These hydrocarbons stick to the catalyst during the cracking reactions that take place in the riser. The catalyst with the
entrained hydrocarbons is fed in from the top and
comes into contact with the stripping steam injected
from the bottom. The steam displaces the hydrocarbons entrained in the catalyst, pushing the hydrocarbons upwards for retrieval in the distillation column
with the other hydrocarbon vapours. Ideally, at the
bottom stripper outlet, the catalyst should be surrounded exclusively by steam, for which purpose baffles are installed to improve contact and increase residence time.
The stripper’s function is to release the entrained hydrocarbons to assure that only the coke
enters the regenerator. There are three major
reasons for this, as specified by [16]:
• To increase FCCU performance, as, the hydrocarbons recovered after being sent to the fractionator can be recirculated for cracking.
• To avoid dropping of unit throughput, as hydrogen produces 3.7 times more heat than carbon, as
a result of which regenerator temperature rises
dramatically. Being a constraint on unit operation, this
would lead to a reduction in loading. Mauleon [17]
states that coke hydrogen content can be reduced
from 7 to 5% through proper stripping, lowering the
regenerator temperature and providing for an increase in unit throughput.
• To reduce catalyst activity loss, as a higher
regenerator temperature combined with a greater
amount of steam (from the hydrogen) destroys the
catalyst’s crystalline structure, thereby reducing its
activity.
According to Higgins et al. [18], a stripper is
expected to assure that only 10% of the coke burned
is cat-to-oil coke and that this coke has at most 5.5%
hydrogen by weight. Wilcox [19] also indicates that
hydrogen in coke of about 5–6 wt.% generally indicates good stripper operation. Additionally, the FCC
unit will pollute less, as the smaller the quantity of
coke burned in the regenerator is, the lower the CO2,
SO2 emissions will be.
Then a proper stripper operation is a key factor
for correct FCC unit operation, as a malfunctioning
stripper would cause serious problems:
• More coke reaching the regenerator.
• Increased H/C ratio of the coke burned in the
regenerator.
Apart from lowering unit performance (according
to Baptista et al. [20] between 5 and 11% by weight of
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the load processed in the stripper is retrieved), the
effect of these two disorders is the same: an increase
in regenerator temperature, because the first
increases the amount of coke to be burned and the
second increases the coke combustion heat.
Additionally, an expansion of FCC unit capacity,
with the resulting increase in the amount of circulating
catalyst, often results in an undersized stripper. The
revamps undertaken and the patents proposed to increase stripper capacity are indicative of its importance, for example:
• Mauleon and Heinrich [21] consider increasing the number of streams of steam in the stripper to raise stripper efficiency and, therefore, its capacity. Specifically, they propose a revamp introducing
a second stream of what they call prestripping steam.
Baptista et al. [20] put forward a similar idea composed of two streams of steam, one in the stripper
and another for prestripping. Also Amoco [22] uses
three streams of stripping steam to improve stripper
performance.
• Therefore, Letzsch [23] suggests that the
best option for raising unit area stripper efficiency is to
replace the baffles by structured packing. A similar
idea can be found in [24]. They have observed in a
pilot plant that the conversion with the packing and
modified baffles was 3% higher than using the conventional disc and donut trays.
• Mobil [25] modifies the stripper by adding a
heat exchanger through which the regenerated catalyst is circulated (moved by the regenerator flue gas)
to raise the stripper operating temperature. Mobil
justifies this interest in raising stripper temperature,
claiming that a 55 °C temperature increase results in
a 40–80% saving in stripping steam with no loss of
efficiency.
Models in the literature
The authors that consider the stripper in their
models are the following:
• Moro and Odloak [26] have a dynamic model
of the whole unit. In the stripper, they perform a heat
balance (without considering the stripping steam) to
calculate how the temperature evolves over time.
• Gao et al. [27] have a model to analyse the
gas-solids behaviour in FCC strippers but not the
efficiency.
• Arandes et al. [7] have a very complete
dynamic model of the whole unit with kinetic constants, characteristics of the unit, etc. However, they
also perform a heat balance without considering the
stripping steam to calculate how the temperature
evolves over time. The enthalpy balance is simplified
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given the much larger contribution of the catalyst
compared to the contribution of the stripping steam
and of the adsorbed hydrocarbons. In addition, they
evaluate the changes of the catalyst level in the
stripper over time, but they do not evaluate the stripping efficiency. A very similar stripper model can be
found from Malay et al. [8].
• McFarlane et al. [12] have an interesting
model of the whole unit, Exxon Model IV, with a
detailed description of the fluid dynamics. But they
consider that the only important effect of the stripper
is a loss of catalyst temperature, reducing the catalyst
temperature by a constant amount.
• Hovd and Skogestad [28] have a complete
model of the reactor and regenerator, but they view
the stripper as a completely mixed reactor and they
do not take steam flow into account in the heat
balance. Additionally, they consider that stripping is
effective, that is, it always works properly, for which
reason they do not perform a material balance, then
they cannot simulate a stripper fault or see what effect
has a change in the stripping steam flow.
• Arbel et al. [9] have a very good and complete model of the reactor and regenerator, with a
detailed description of the reactor kinetics. Regarding
the stripper, they assume it is a well-mixed tank, with
a linear stripping function (stripping efficiency is considered to depend on the steam flow) and a constant
temperature drop (no heat balance is performed in
the stripper). The evolution of the coke on the spent
catalyst depends on a stripping function. γ:

γ = 0.0002 + 0.0018 (1 − ks )

(1)

where s is the steam flow, k is the proportional factor
and γ is the unstripped hydrocarbons. As it can be
seen, they consider that the maximum unstripped
hydrocarbons are 0.2% in weight and the minimum is
0.02% in weight.
• In their model Han and Chung [5] take into
account all the parts of the reactor (feed vaporization
section, reactor riser, disengaging-stripping section
and reactor cyclones) and of the regenerator (dense
bed, freeboard and regenerator cyclones). The disengaging-stripping section is modelled as a perfectly
mixed continuous tank. The concentration of coke in
the catalyst at the stripper outlet (CckST) is calculated
from a minimum coke content attainable by stripping
(CckST0) using the following expression:
 E ss FcRS Fss

Flg


CckST = CckST 0 + k ss 0 exp  −






(2)
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where kss0 is a frequency factor, Ess is a stripping
factor and FcRS, Fss and Flg are the catalyst, steam and
feedstock flow, respectively.
• Fernandes et al. [29] have a complete model
of the entire unit. The disengage-stripper section is
modelled as a continuous stirred tank. The amount of
coke on catalyst is calculated by an empirical stripping function based on pilot plant data (the data are
not published in the paper):

Yck ,ST = Y ck ,RS + γ

(3)

where Yck,ST and Yck,RS are the total coke content of
catalyst in the stripper and in the riser outlet,
respectively. The stripping function is calculated with
the stripper temperature:

γ = e 5.2113 − 0.00144×TST

(4)

Most of the authors [7,8,12,26] have focused on
dynamic models of the unit and are interested on how
the stripper evolves over time. Only some of authors
[5,9,29] were able to model a malfunction or a change
in stripper efficiency, although they can be improved
as:
• A change of stripper temperature cannot be
modelled [5,9], even though there are many patents,
like Mobil’s [25], proposing a temperature increase to
raise stripper efficiency.
• What effect an increase of catalyst flow has
on stripper efficiency cannot be modelled [9,29], as
since residence time have not been take into account.
For all these reasons, this paper proposes a
new stripper model that will take into account all the
variables affecting its operation: pressure, temperature, residence time and steam flow.
Mass balance
As Turlier et al. [30] mention, hydrocarbons
react differently in the stripper, specifically:
• Paraffins crack to yield olefins.
• Polyaromatics condense.
• Naphthenes dehydrogenate.
Magnoux et al. [31] study these reactions and
how coke composition evolves when subjected to
stripping under nitrogen. For this purpose, they divide
the coke components into five families, looking at how
the lighter families evolve by cyclization, isomerisation and hydrogen transfer towards the heavier ones.
The key effect of these reactions is that they
homogenize coke, from which we can deduce that
coke is uniform in the regenerator, although these
reactions have hardly any effect on unit performance.
The model assumes two simplifications:
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• As in recent years many developments have
been made in the design of riser termination devices
in order to achieve a better separation of the gas and
solid phases, it is assumed that separation in the
reactor vessel is immediate and there is no hydrocarbon overcracking. This assumption is also used by
Fernandes et al. [32]. It allows also leaving the
feedstock flow out of consideration when calculating
the stripper efficiency.
• As the reactions have little influence from the
viewpoint of the stripper, they will not be modelled,
and this paper will focus on the primary function of the
stripper, i.e., determining how many hydrocarbons are
retrieved from the catalyst to the steam stream,
without any component changes. This simplification is
also used by Han and Chung [5].
If reactions are not considered, the mass balance only specifies a transfer of material from the
catalyst to the steam stream. Then, the mass balance
is based on how to correctly correlate all the variables
affecting stripping. These variables are:
• Temperature. As temperature rises, stripping
improves. The problem is that temperature cannot be
increased at will, because this would mean that the
catalyst leaving the riser would have to be hotter, and
this is impossible without affecting riser reactions.
Therefore, alternatives such as heating the stripper
with catalyst from the regenerator have been developed [25].
• Pressure. As pressure rises, stripping becomes
more difficult, because the partial pressure for vaporizing hydrocarbons is greater. As an FCC is a pressure-balanced unit, pressure cannot be changed
without affecting other regions.
• Steam flow. As steam flow increases, stripping improves, albeit up to a limit, above which its
effect becomes negligible, since the stripper efficiency is not directly proportional to the steam flow.
This is the variable that refineries use to improve
stripper efficiency, but when the above-mentioned
flow limit is reached, the only option is to revamp the
stripper.
• Catalyst residence time. For a defined stripper, i.e., with a given section and length, this will
depend on the catalyst flow. As the catalyst flow
increases, residence time decreases and, therefore,
efficiency falls. Although it has a significant impact,
this variable is not used by the refineries as a unit
capacity expansion usually leads to an increase in
catalyst flow.
The problem with correlating these variables to
stripping efficiency defined as:

98

Chem. Ind. Chem. Eng. Q. 21 (1) 95−105 (2015)

 mhe − mheout 

mhe



η strip= 100 

(5)

is that there are few data available on stripper
operation in industrial or pilot plants. Additionally,
some data are not very applicable. For example,
Turlier et al. [30] analyse coke formation and what
amount of this coke can be stripped, as shown in
Table 1.
Table 1. Coke concentration in catalyst throughout the riser
Parameter

Riser height, m
0

4

20

24

Coke concentration, wt.%

0.04

1.34

1.44

1.45

Coke concentration
after stripping, wt.%

0.04

1.07

1.16

1.16

This table clearly reveals the importance of
stripping, as up to 20% of the coke can be retrieved,
with the effect that this has on regenerator temperature. However this analysis is useless for modelling
the stripper, because it cannot be applied to calculating stripping effectiveness. Furthermore, the authors
were aiming for perfect stripping, for which reason
they left the catalyst in a stream of nitrogen at 500 °C
for an hour, far from actual process.
Due to this lack of accessible data, Couch et al.
[33] built two scale models of strippers, simulating the
working conditions of these plants but at ambient
temperature. Thanks to the applied design improvements, they managed to reduce the regenerator temperature by 22 °F and to increase the catalyst/oil ratio
by 6%. However, they do not mention the stripping
efficiency achieved.
Rall and DeMulder [34] also built a pilot plant
working at ambient temperature to simulate strippers,
with a stripping region of height 190.5 cm (75") by
diameter 66 cm (26"). They obtained interesting data
using this pilot plant and analysed all the variables
except for temperature, as the material they used,
Plexiglas, cannot withstand high temperatures. Also
they correlated efficiency against helium flow as they
used helium instead of steam as a stripping gas.
To examine the influence of temperature, we
have consulted data from the literature [35], which
analyses the influence of temperature and stripping
time on three different catalysts, as shown in Table 2,
where a, b and c are the three catalysts that they
examined, whose properties are listed in Table 3.
As shown in Table 2, a 50 °C increase in temperature has a major impact, a fact that tallies with
what was mentioned earlier. The increase in residence time has also an important effect, for which
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Table 2. Influence of temperature and time on stripping
Non-desorbed coke over possible maximum, %
Stripping temperature, °F (°C)

Stripping time, min
1
15

b

c

900 (482)

17.3

17.7

6.4

990 (532)

2.0

1.7

1.3

900 (482)

1.5

1.3

1.1

990 (532)

1.7

0.9

0.8

reason it should be taken into account in stripper
modelling (although it is pointless to assume 15 min,
since the catalyst usually spends from 1 to 2 min in
the stripper [16]).
Table 3. Characteristics of the analysed catalysts
Catalyst

Parameter
2

Catalyst surface area, m /g
3

Pore volume, cm /g
Mean pore diameter, Å

Catalyst
a

a

b

c

439

389

105

0.89

1.8

1.14

72

184

436

Figure 1, which shows the graph obtained by
Koon et al. [36], is a better approach for examining
the influence of residence time. At a pilot plant using
nitrogen as the stripping agent, they analysed how
the final coke concentration evolved with respect to
the time the catalyst spent in the stream of nitrogen,
as, instead of stripping efficiency, they plotted the
logarithm of the initial coke concentration divided by
the final coke concentration, ln(CO/C), which can be
easily correlated to efficiency.
The goal for modelling the stripper is to get an
equation that takes into account all the abovementioned variables that can be used to calculate its
efficiency and correctly reflects what influence the
variables have, because, as we have seen, steam
flow or temperature, among others, have a big impact
on stripping efficiency.

The stripping efficiency is defined as the entrained hydrocarbons removed divided by all the entrained hydrocarbons at the stripper inlet (maximum
amount of strippable hydrocarbons), Eq. (5).
To know how many entrained hydrocarbons are
in the stripper inlet it is necessary to use a riser kinetic
model, such as proposed in [4], that makes a distinction between the different generated coke types.
The coke is classified by source into four categories:
• Catalytic coke, coke that is produced when a
hydrocarbon is cracked on an acid catalyst.
• Contaminant coke, coke that is produced as
a result of the presence of dehydrogenating pollutants
(Ni, Cu, V or Fe).
• Additive coke, coke produced by those feedstock fractions that are not volatile under riser working
conditions (it is related primarily to Conradson Carbon).
• Cat-to-oil coke, the fraction of the oil feed that
is trapped or entrained in the catalyst. It is not really
coke, as it has high hydrogen content.
Analyzing the stripping effects that were described in the literature review it can be obtained the
following equation:
 9445

 

−12.5 
Pstrip
 Tstrip

 


η strip= 100 1 −  1.6e
 0.225
msteam /cat

 
 


t
 strip  
  
 


(6)

Stripping steam flow, residence time, stripper
pressure and temperature are the key variables in this

Figure 1. Stripping time vs. coke concentration.
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equation. The geometry of each unit is reflected by
calculating the residence time, which will be done
taking into account the stripper height and section.
The Eq. (6) could be used to model strippers
that use baffles, as simple, disc and donuts or
packed, even if the equation does not consider what
kind of baffle is used. In this case, the residence time
should be multiplied by a height equivalent factor, as
the residence time is related to stripper height, which
can in turn be related to the number of stages mentioned in [34], as a certain stripper height is equivalent
to a stage.
This equation can calculate how many entrained
hydrocarbons are retrieved in the stripper, yielding a
new coke concentration for the catalyst entering the
regenerator. Apart from filling a gap left by other
models, the importance of this equation is that it can
be used to ascertain what influence the different variables have and thus calculate how much coke really
enters the regenerator, thereby averting the danger of
the regenerator temperature rising.
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to be part of the feed that has not been vaporized or
cracked. Therefore, the properties of the entrained
hydrocarbons will be assimilated to the conditions of
the feed rather than of coke. Specifically:
• The latent heat of vaporization of the entrained hydrocarbons used will be the same as for the
feed.
• The specific heat of the vapour and liquid
phased of the entrained hydrocarbons are the same.
• The specific heat of the entrained hydrocarbons will be equal to that of vapour phase feed.
These are valid assumptions as the mass of
entrained hydrocarbons is small compared to the
mass of the catalyst, and, additionally, there is little
change in the temperature of these hydrocarbons in
the stripper.

Enthalpy balance
In the stripper, the deactivated catalyst, which
comes from the riser at a temperature Tri_out and carries adsorbed coke and entrained hydrocarbons,
comes into contact with the stripping steam, which is
at a temperature Tsteam. The whole mixture will reach a
total temperature of Tstrip. This is illustrated in Figure
2, which shows all the streams involved and their
respective temperatures. The enthalpy balance is
based on the vaporization of the entrained hydrocarbons and that the deactivated catalyst from the
riser increases the steam temperature. As the hydrocarbons will be assumed first to be vaporized and
then changing their temperature, the specific heat of
the vapour phase will be used, getting the following
equation:

mcat Cp cat (T ri _ out −Tstrip ) + mc 'Cp c (T ri _ out −Tstrip ) +

(

)

+mhe Cp lhe Tri _ out − (1 − ηstrip )T strip −
−mhe Cp vheηstripT strip = msteam Cp steam (T strip −Tsteam ) +

(7)

+mhe λheηstrip
As the enthalpy balance reveals, a distinction is
made between the coke and the entrained hydrocarbons, which, as mentioned earlier, are referred to
as cat-to-oil coke. Strictly speaking, these hydrocarbons are not coke (because they are hydrogen-rich
hydrocarbons), most, being heavy hydrocarbons, tend

T strip =

100

(

Figure 2. Scheme of the material and heat streams in the
stripper.

Finding the stripper temperature, Tstrip, dividing
by the mass flow of the feed, mF, and introducing
some heat losses, which will be assumed to be a
percentage of the total heat, we get:

(1 − αstrip ) ( y c _ C /OCp F + (mcat / mF )Cp cat + y C 'Cp C )T ri _ out + (msteam / mF )Cp steamT steam ) - y c _C /O λF ηstrip

y c _C /OCp F + (mcat / mF )Cp cat + y C 'Cp C + ( m steam / mF )Cp steam

)

(8)
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RESULTS
To analyse how well the proposed stripper
model matches reality, we will look at what influence
each variable has on the model. Then we will see if
the results provided by the model are logical and tie in
with reality and also we will compare them against
measured data and results from others authors in the
literature (Koon et al [36], Han and Chung [5] and
Fernandes et al. [29]).
First, we will analyse how stripper efficiency
evolves against residence time for different stripping
steam flows. To be able to compare this with Figure 1,
proposed by Koon et al. [36], ln(CO/C) will be used
instead of efficiency in the graph. To be able to draw
conclusions, stripper temperature (Tstrip = 510 °C) and
stripper pressure (Pstrip = 2 kg/cm2) have been kept
constant. The catalyst density is also considered to
be constant (560 kg/m3). This yielded the graph
shown in Figure 3. To calculate residence time, a
stripper with a specific diameter and length was
taken, modifying the catalyst flow through the stripper.
The results from Koon et al. [36] are also shown in
Figure 3 to compare them against our results (dashed
line). Analysing this graph, we find that:
• For a given steam flow, the model outputs a
very similar linear correlation to the one presented by
Koon et al. [36], as shown in Figure 1, although residence time, until 2.5 min (Figure 3) is less than 15
min (Figure 1) as such a long time does not make
sense in a stripper of a commercial FCC unit since
the catalyst usually spends from 1 to 2 min in the
stripper [16]. This data can be corroborated in Table
4, where the key design operating conditions for
industrial FCC unit strippers are shown [37]. In the
Figure 3, the slope for Koon et al. is also lower but in
their experiments there is not catalyst flow then it is
not possible to compare the slopes.
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• Increasing the steam flow improves the final
coke concentration, although the greater the flow is,
the less influence this has.
Table 4. Key design operating conditions for industrial FCC unit
strippers
Property

Value

Stripping steam severity, kg steam/1000 kg catalyst
Superficial steam velocity, m/s

2-4
0.15-0.30

2

Superficial catalyst flux, kg/(m s)

30-75

Maximum restricted catalyst flux, kg/(m ·s)
2

250

Mean catalyst residence time, s

60-120

Stripper temperature, °C

495-565

Additionally, we are going to analyse the influence of a packing that improves contact (as proposed
by [23]) by achieving a greater equivalent height or
that of a revamp increasing the length of the stripper.
As mentioned above, packing will be modelled by
multiplying the residence time by a factor. The stripper has been assumed to have n different stages,
each stage being 4.5 m high. To be able to draw
conclusions, the catalyst flow (C/O = 4 for a feed flow
of 3000 T/d), stripper temperature (Tstrip = 510 °C) and
pressure (Pstrip = 2 kg/cm2) have been kept constant
for the same stripper as modelled in Figure 3, with a
diameter of 2.1 m, yielding Figure 4.
Analysing the graph we find that:
• It has a similar shape to a figure presented
by Rall and DeMulder [34], but needs fewer stages
and less stripping steam. This is because Rall and
DeMulder’s [34] graph modelled the stripper at room
temperature at which efficiency decreases considerably and needs to be offset by more steam and a
longer stripper or by improving contact between
steam and catalyst (packing). The curve shape fit
quite well with the curve obtained from the equation of

Figure 3. Influence of stripping time vs. coke concentration. Comparison with Koon et al. [36] (dashed line).
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Figure 4. Influence of steam flow vs. efficiency. Comparison with Han and Chung [5] (dashed line).

Han and Chung [5] (dashed line), with n = 1. The
figure shows that stripper efficiency is not a linear
function with the steam.
•
If contact or stripper length is increased by
33% (from n = 1.5 to n = 2.0), efficiency is increased
by around 4% (when using 2.0 kg of steam/1000 kg
cat.) or steam flow can be reduced by 35% (from 2.5
to 1.6 kg of steam/1000 kg cat.) without any loss of
efficiency, which is equivalent to 93.0%.
•
As in Figure 3, stripper efficiency is improved
by increasing the steam flow, but it is clear that the
same increase has less and less influence as the flow
increases, as the curve levels out. When the limit is
reached, efficiency cannot be improved by increasing
steam flow and the stripper becomes too small, thus
leaving no option but a revamp. The dependency of
efficiency on steam flow is evidently not linear, contrary to what is suggested by the model of Arbel et al.
[9].
Another variable to be analysed is stripper temperature and its effect. This is not normally a variable
that can be juggled with as it is constrained by the
riser. Solving the enthalpy balance set out above, we
find that stripper temperature is about 3 °C lower than
the riser outlet temperature. This tallies with plant
data. However, if the stripper were heated with regenerator catalyst, as proposed by Mobil [25], it would
indeed become an operating variable, which would
depend on how much regenerator catalyst is fed
through the heat exchanger. We will analyse this heat
exchanger option rather than the possibility of mixing
regenerated catalyst with spent catalyst, because this
only involves a heat balance, and neither the coke
concentration in the catalyst nor catalyst activity have
to be recalculated after mixing. The heat balance we
looked at earlier is of course no longer valid, because
another term has to be added to account for the catalyst from the regenerator (m'cat), which is assumed to
enter at regenerator temperature and reach stripper
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temperature, which is true if the heat exchanger is big
enough. This way the heat balance would be:

m 'cat Cpcat (Treg −Tstrip ) + mcat Cp cat (T ri _ out −Tstrip ) +
+mc 'Cp c (T ri _ out −Tstrip + mhe Cp lhe (Tri _ out −
−(1 − ηstrip )T strip ) − mhe Cp vheηstripT strip =

(9)

= msteam Cp steam (T strip −Tsteam ) +
+mhe λF ηstrip
To be able to draw conclusions as above, the
residence time (tstrip = 1 min) and stripper pressure
(Pstrip = 2 kg/cm2a) have been kept constant. Starting
from an initial stripper temperature of 510 °C, we
have analysed how temperature increments of 10 °C
influence both efficiency and steam flow, as shown in
Figure 5:
• Increasing temperature raises stripper efficiency. Specifically, if increased by 60 °C, efficiency
rises from 81 to 92% for a constant steam flow of 3 kg
steam/1000 kg cat. The curve shape fit quite well with
the curve obtained from the equation of Fernandez et
al. [29] (dashed line).
• Increasing temperature decreases the required
steam flow. Specifically, if increased by 60 °C, the
required steam flow falls from 2.8 to 1.1 kg steam/kg
cat. with no loss of efficiency, which is equivalent to
60%. This 60% reduction in steam flow for 60 °C is,
evidently, in line with the claims of Mobil [25].
We have also analysed what influence pressure
has on stripper efficiency, although it is not a variable
that can be modified without affecting the remainder
of the unit. Whereas there are units that have separate regenerator and riser pressures, stripper and
riser pressure cannot be separated. For the time
being, there is no way of making stripper pressure,
unlike temperature, an operating variable, but this
analysis will give an idea of how stripper operation
would evolve if the pressure balance in the FCC unit
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Figure 5. Influence of temperature vs. steam flow. Comparison with Fernandez et al. [29] (dashed line).

were changed. The result achieved, keeping the other
variables – residence time (tstrip = 1 min), steam flow (3
kg steam/1000 kg cat.) and stripper temperature (507
°C) – constant, is shown in Figure 6.
By increasing the pressure from 1.5 to 2.5
kg/cm2, efficiency clearly falls from 84.2 to 75.3%.
This means that, apart from not being an independent
variable, it is the one that least affects stripper efficiency, although its influence is not negligible.
Then this model calculates stripper efficiency
based on all the important stripper variables: steam
flow, pressure, residence time and stripper temperature and:
• Gives a prediction of the evolution of the final
coke concentration against residence time that is
comparable to data by Koon et al. [36].
• Gives a prediction of the evolution of efficiency
against steam flow that is comparable to data by Rall
and DeMulder [34] and the curve shape fit quite well
with the curve obtained from the equation of Han and
Chung [5].

• Indicates that stripper performance improves
appreciably if contact is improved (by means of packing, for example, as mentioned by [23]).
• Indicates that steam flow can be reduced by
around 60% if the stripper operating temperature is
increased by 60 °C, which are values in line with the
specifications by Mobil [25]. The curve shape fit quite
well with the curve obtained from the equation of Fernandez et al. [29].
• Indicates that stripper efficiency would be increased if stripper operating pressure could be reduced. However, pressure is not an operating variable
that can be changed, as it is constrained by the remainder of the unit.
CONCLUSIONS
In this paper, we have presented a new model
for a FCCU stripper as the stripper is underestimated
in most FCCU models. Only few models [5,9,29] can
be used to calculate its efficiency, although these
models do not consider all the operating variables for
this purpose. As an indication of stripper importance,

Figure 6. Influence of pressure vs. efficiency.
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it may suffice to analyse the revamps of this equipment that are being undertaken and the stripper patents that are continually being filed.
In this work, we have obtained an equation that
calculates stripper efficiency based on all the important stripper variables: steam flow, pressure, residence time and stripper temperature.
As the model fits reality, it seems reasonable to
regard it as quite a rigorous and easy-to-apply model,
although it does need a riser kinetics model, such as
proposed by [4], that makes a distinction between the
different generated coke types to ascertain how much
cat-to-oil coke enters the stripper and then to calculate how much coke is retrieved. This stripper
model is easy to integrate in a complete model of an
FCC unit and it is helpful to know how much coke is
really sent to the regenerator and how the coke recovered decrease the regenerator temperature.
Nomenclature

Cpc
specific heat of the coke (kcal/(kg K))
Cpcat
specific heat of the catalyst (kcal/(kg K))
CpF
specific heat of the vapour phase of feed
(CpF = Cpvhe) (kcal/(kg K))
Cpvhe specific heat of the vapour phase of entrained hydrocarbons (Cpvhe = CpF) (kcal/(kg K))
Cplhe
specific heat of the liquid phase of entrained
hydrocarbons (Cplhe = Cpvhe) (kcal/(kg K))
Cpsteam specific heat of the steam (kcal/(kg K))
mc
mass flow of the coke (kg/h)
mcat
mass flow of the catalyst (kg/h)
mF
mass flow of the vapour phase feed (kg/h)
mg/cat gas flow, in kg/1000 kg of catalyst
mhe
mass flow of the entrained hydrocarbons at
the stripper inlet (cat-to-oil coke) (kg/h)
mheout mass flow of the entrained hydrocarbons at
the stripper outlet (cat-to-oil coke) (kg/h)
msteam mass flow of the stripping steam (kg/h)
msteam/cat stripping steam flow, in kg/1000 kg of catalyst
m'c
mass flow of the coke without entrained
hydrocarbons (m'c = mc - mhe) (kg/h)
m'cat
mass flow of the catalyst from the
regenerator (kg/h)
n
stripper stages
Pstrip
stripper pressure (kg/cm2)
tstrip
catalyst residence time in the stripper (min)
Treg
regenerator temperature (K)
Tri_out
temperature at the riser exit (K)
Tstrip
stripper temperature (K).
Tsteam stripping steam temperature (K)
yc_C/O entrained hydrocarbons or cat-to-oil coke
yielded at the riser outlet (kg/kg)
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y'c
coke, not including cat-to-oil coke, yielded at
the riser outlet (kg/kg).
Greek letters
αstrip

percentage of heat losses at the stripper (%)
ηstrip
stripper efficiency (%).
λF
latent heat of feed (entrained hydrocarbons)
vaporization (λF = λhe) (kcal/kg)
λhe
latent heat of feed (entrained hydrocarbons)
vaporization (λhe = λF) (kcal/kg).
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MODELOVANJE EFIKASNOSTI KOLONE ZA
ČIŠĆENJE KATALIZATORA U POSTROJENJU ZA
KATALITIČKO KREKOVANJE U FLUIDIZOVANOM
SLOJU
U radu je prikazano modelovanje kolone za čišćenje katalizatora postrojenja za katalitičko
krekovanje u fluidizovanom sloju zasnovan na ranijem istraživanju. Ovaj model može
odrediti efikasnost striping kolone u zavisnosti od najvažnijih promenljivih: pritiska, temperature, vremena zadržavanja i protoka. Nekoliko objavljenih modela obično opisuju
kolone za čišćenje katalizatora u funkciji samo jedne promenljive. Ipak, postoji opšta saglasnost o važnosti striping kolone za celokupni proces, a činjenica da postoji nekoliko
modela je možda rezultat teškoće da se dobije sveobuhvatan model. Sa druge strane,
pretpostavljeni model zaista koristi sve promenljive kolone za čišćenje katalizatora i izračunava efikasnost na osnovu protoka, pritiska, vremena zadržavanja i temperature. Analizirana je korektnost modela, ispitivanjem nekoliko mogućih scenarija kao što su smanjenje protoka koje se postiže povećanjem temperature u striping koloni.
Ključne reči: modelovanje, simulacija, efikasnost, kolone za čišćenje katalizatora, katalitičko krekovanje u fluidizovanom sloju.
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IMPROVEMENT OF LINERBOARD
COMPRESSIVE STRENGTH BY
HOT-PRESSING AND ADDITION OF
RECOVERED LIGNIN FROM SPENT
PULPING LIQUOR
Article Highlights
• The use of acid precipitated lignin can constitute an economic benefit
• Lignin use in cardboard manufacturing increases the compressive strength by 20%
• Addition of lignin recovered at the mill will reduce the linerboard basis weight by 10%
Abstract

This paper evaluates the effect of addition of precipitated lignin, from spent
pulping black liquor, to a wet single-ply linerboard handsheet followed by hotpressing at different temperatures, on the improvement of its compressive
strength. Linerboard handsheets for testing the effect of lignin addition were
prepared so that the lignin-modified sheets would have the same basis weights
as the control handsheets. Both the commercial and the black liquor lignin
were added as a powder to wet handsheets after couching from the handsheet
mold. The experiments and testing of the physical and strength properties of
dried handsheets were conducted according to TAPPI test methods. The
results revealed that the addition of the recovered lignin (at pH of 2) to the wet
handsheet followed by hot-pressing at 150 °C increased the compressive
strength of linerboard handsheets by 10 to 20% above that for handsheets
made without the addition of lignin. The same results were achieved using
purchased lignin. However, with a 16% addition to linerboard, purchased lignin
would be too expensive. These results indicate that inclusion of kraft lignin in
linerboard sheets could be proved as an attractive option to reduce linerboard
basis weight.
Keywords: lignin, compressive strength, linerboard, black liquor, kraft
pulp.

Lignin, the most abundant aromatic biopolymer
in the eco-system, is an amorphous hydrophobic
polymer and is fundamentally random in its phenolic
polymer structure [1,2]. It is estimated that lignin
forms 30% of the earth’s non-fossil organic carbon
[3].
Lignin has several applications, which includes
its use with formaldehyde as an adhesive resin [4], as
an antioxidant stabilizer in polymer formulations and
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emulsions [5,6] and as a flame retardant additive [7].
Although it is utilized in a wide range of products, only
1 to 2% of the kraft lignin, which is produced as a by-product from the paper and pulp industries, is commercially used [8]. Generally, lignin can be recovered
from black liquor either by ultrafiltration or precipitation. However, acid precipitation is currently the
most common method employed for lignin recovery
from spent pulping liquor [9,10].
In the papermaking industry, there is a need to
improve the containerboard qualities because of its
wide use in the packaging market. Linerboard is
usually a two-layer sheet with the bottom layer giving
strength and the top one providing appearance. The
properties of the linerboard depend on the furnish

107

M.N. SAIDAN et al.: IMPROVEMENT OF LINERBOARD COMPRESSIVE…

(type of fiber chemical additives and fiber treatment),
which commonly ranges from 100% virgin softwood
kraft fiber to 100% recycled fiber. A primary determinant of the performance of containerboard is the
compressive strength as measured by short-span
compressive (STFI) tests. In particular, the cross-direction (CD) compressive strength is critical not
only because of the weaker direction but due to the
fact that stacking load of corrugated boxes takes
place in vertical direction which is the CD direction of
the board. Various studies have been conducted on
the cardboard qualities, where the findings of these
studies reported that cardboard is a very sensitive
material and can lose rigidity depending on environmental conditions [11,12].
According to the literature, several methods
have been used to increase the stiffness and compressive strength of manufactured linerboard and
corrugating medium. Anderson and Back [13] proposed a method of heat treatment of corrugated
board that involved blowing hot air at 190 °C through
stacks of board. The process improved the wet compression strength by a factor of 2 to 3 and gave a wet
stiffness of 25 to 30% of the dry value. The original
system design was for an enclosed chamber, where
stacks of board could be heat-treated and then cooled
with a cycle time of 100 min. Such a system would not
be practical for a large production facility [13,14].
However, the press drying has been found to be a
powerful way to improve compressive strength and
creep resistance under high RH [14].
Morgan [15] conducted a series of tests with
different methods for increasing the compressive
strength of linerboard. The treatments were as follows: addition of CTMP for part of the furnish, addition
of Kymene or PVA, additional pressing, and heat
treatment of the dry sheet at 140 °C for 40 min. These
treatments were tried singly or in combination, with
testing at both 50 and 95% RH. All of the treatments
were found to increase the short-span compression
strength, with the addition of CTMP having the greatest effect, particularly in combination with the heat
treatment [15].
Hot pressing technique is widely tested and
commercially used for producing high strength linerboards. It is well-known that hot pressing improves
compressive strength since at high temperature and
moisture content lignin melts and acts as fiber bonding materials. However, there are few reports on the
vital role of lignin as a natural adhesive and its addition influence on containerboard’s compressive
strength and other mechanical properties [16].
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In this context, the main objective of this study
was to investigate the use of acid-precipitated lignin
from black liquor as a natural adhesive, which was
added as dry powder for the first time to wet linerboard sheet followed by hot-pressing at laboratory
scale, to improve the compression strength of linerboard.
EXPERIMENTAL
Materials
The samples used in the present study were
Virgin unbleached softwood kraft (USK) pulp, kappa
number 100, from Inland Container, USA, and black
liquor (provided by Lignotech AB, Sweden) were
provided by a nearby cardboard and paper making
company.
The pH and consistency of the kraft pulp stock
were 5.2 and 0.43%, respectively. The softwood
unbleached kraft pulp stock was refined in a Valley
Beater to a freeness of 420 ml (CSF).
The black liquor was characterized in terms of
pH and total dissolved solids (TDS). The pH of 12.43
was determined using a digital pH-meter. The black
liquor TDS of 5.8% was estimated according to
TAPPI standard test method T-650 pm-84.
Two types of commercial lignin were used in the
study: A water-soluble sulfonated kraft lignin (Polyfon
O FB14, lignosulfonic acid, sodium salt) and an unsulfonated Kraft lignin (INDULIN AT, heterogeous guaiacylpropane polyether), where both of them were
purchased from MeadWestvaco.
Methods

Lignin recovery from black liquor
Two liters of black liquor were treated with 4 N
H2SO4 to obtain different pH values of either 8 or 2.
Acid-precipitated lignin was centrifuged at 3000 rpm
for 15 min, filtered, washed thoroughly with distilled
water to remove impurities, and then followed by
freeze-drying at −25 °C for 45 min to remove the
acidified water.

Handsheet preparation
Standard 159 mm diameter single-layer control
handsheets were manually prepared, without additives addition (similarly to TAPPI T205 procedure)
using a handsheet former (Model SCA Type, Fibretec
Instruments, India), at a basis weight (grammage) of
238 to 245 g/m2. This results in good rigidity of commercial containerboard and satisfies other requirements such as the degree of z-strength of the containerboard. Sheets for testing the effect of lignin addition
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were prepared at grammage ranging from approximately 153 to 205 g/m2. After the addition of this
lignin, the lignin-modified sheets have approximately
the same basis weights as the control handsheets
(238 to 245 g/m2).
Both the commercial and acid-precipitated lignin
were added as a powder, using stainless steel fine
mesh powdered lignin shaker, to the wet handsheets
(80 to 90% moisture content) after couching from the
handsheet mold and before any pressing step. The
resulting sheets were then consecutively pressed in
two stages for 5 and 2 min at 3.45 bar at room temperature, during which the lignin powder is subject to
two forces. The first one is the perpendicular pressing
force which causes the lignin to penetrate through the
handsheet structure leading to the redeposition of lignin onto cellulose fibers of the handsheet, while the
other force causes the lignin to diffuse via radial flow
towards its outer edges causing homogeneous distribution of lignin onto the entire surface of the handsheet. Despite the fact that the pressing step in two
stages for 5 and 2 min at 3.45 bar at room temperature is a TAPPI T205 requirement for handsheet
preparation for physical test of pulp, this requirement
was left out in some preparations. This is to investigate the effects of hot-pressing of handsheets (with
an added lignin at higher moisture content (80 to
88%) on the handhseets strength properties.
The 159 mm diameter sheets were then hot-pressed for 10 min at 120, 150 or 200 °C in a computer-controlled heated press (at press load of 3.45
bar) with homogeneous drying in radial direction of
the sheet. Prior to physical properties testing, the hotpressed handsheets were conditioned under conventional conditions (23 °C and 50% RH) for more than 24
h, and consequently its final moisture was expected
to be less than 1%. Thirty-five handsheets of each
treatment were made and the best thirty handsheets
were selected and tested.

Mechanical testing and statistical analysis
The 159 mm diameter dried handsheet were cut
into five 6“×15 mm consecutively adjacent strips using
a cutter. The strength and other physical properties of
strips were measured by clamping the strip between
two grips and applying a load until the strip breaks
using tensile instrument (model UEC–1005B, India)
and short span compression tester (model UEC–1027,
India) according to TAPPI T826, TAPPI T494 and
TAPPI T414. Sixty four strips were tested for each of
tensile and short span compression tests at each testing condition (temperature, % of added lignin, etc).
However, the results were statistically presented
using ANOVA by means of a table showing the ave-
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rage value of the property (with the least significant
difference at the 0.05 level of probability) for each
temperature, for each added amount of lignin, and for
each added lignin type and treatment. The least significant differences at the 0.05 level of probability
were rejected according to the null hypothesis (i.e.,
unlikely to have occurred by chance alone).

Differential scanning calorimeter (DSC) analysis
Glass transition temperature (Tg) of both commercial lignins and acid-precipitated lignin were determined using a Netzsch 200 F3 Maia DSC. Prior DSC
characterization, the lignin samples were dried at 60
°C under vacuum for 12 h. Samples of about 5–10 mg
were weighed in the DSC aluminum pan, sealed by
lid, and run at a heating rate of 10 °C/min under nitrogen atmosphere up to 160 °C to eliminate any
stored thermal history within the lignin’s glassy state.
Subsequently, the sample was heated to 200 °C at a
rate of 20 °C/min to measure the Tg of the lignin
sample.
RESULTS AND DISCUSSION
The compression strength of linerboard mainly
depends on fiber-fiber bond strength for low and
medium densities linerboard. Therefore, it is reasonable to expect that the addition of lignin, which acts
primarily on improving fiber-fiber bond strength, would
be effective in increasing compression strength in low
and medium densities boards.
Glass transition temperature
Lignin undergoes thermal softening which
affects the thermomechanical properties of the handsheets. Glass transition temperatures are between 90
and 180 °C according to the literature [17,18]. This Tg
was associated to hydrogen bonds between hydroxyl
groups and to the lignin aromatic nature [19]. In the
present work, significant changes were not observed
between Tg value of commercial lignin and lignin
obtained at lower and higher values pH as shown in
Table 1.
Table 1. Glass transition temperature (Tg) values of all different
lignin types used in this study
Lignin type

Tg / °C

Sulfonated kraft lignin (POLYFON O FB14)

112.7

Unsulfonated kraft lignin (INDULIN AT)

115.3

Acid-precipitated lignin at pH 2

106.2

Acid-precipitated lignin at pH 8

108.6
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Effect of lignin addition and hot-pressing temperature
Handsheets prepared through wet pressing as
per TAPPI 205 standard procedure, where the moisture content of handsheet after standard pressing is
less than 80%, without and with 15.7% weight sulfonated lignin (POLYFON), were hot-pressed at 3.45
bar for 10 min and at three temperatures (120, 150
and 200 °C).
The pressing temperature values were higher
than all types of lignin’s Tg values listed in Table 1. As
shown in Table 2, the strength results are given as
compressive strength and tensile strength, divided by
basis weight so as to eliminate the effect of the
varying basis weights of the tested handsheets.
The compression strength index was found to
increase by about 5% at 120 °C and 22% when
pressed at 150 °C. This indicates that the incorporation of lignin overcomes the fiber matrix discontinuity. Moreover, when lignin is added to the handsheet, it can act as plasticizer or stiffener while filling
the pores space of fibers. Hence, it is expected to increase the fiber stiffness as a consequence of pore
closure during hot-pressing and drying.
However, increasing the pressing temperature
to 200 °C had only caused a 17% increase in the
compression strength index, which did not result in
any additional gain in comparison with the results at
150 °C. This is perhaps due to the degradation of the
lignin-hemicelluloses matrix caused by the cleavage
of the covalent bonds between hemicelluloses fiber
and lignin at high pressing temperatures (i.e., 200
°C). Moreover, the thermoplastic behavior of lignin
might be restricted by the secondary intermolecular
bonding with the fiber. Therefore, at high pressing
temperatures the secondary intermolecular interactions are affected and this adversely influences the
lignin plasticization behavior.
On the other hand, the added lignin decreased
the tensile index by about 10%, because there was a
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small amount of fiber in the lignin-added sheets made
at the same total basis weight. Hence, lignin bears
load under compressive loading but not under tensile
loading.
Effect of hot-pressing of adding commercial lignin at
high initial moisture content
Additional handsheet tests were done by adding
lignin to the wet handsheet, which prepared without
the standard pressing as prescribed by TAPPI 205
procedure. In this case, the moisture content of the
sheet with the added lignin was much higher (80 to
88%) prior to the hot-pressing at 3.45 bar and 150 °C
for 10 min. Both the soluble lignin (POLYFON) and
the insoluble lignin (INDULIN) were used in order to
explore the effect of lignin sorption mechanism on the
handsheet properties regardless if the adsorbed lignin
on the fiber surface or imbibed into pores. The results
are shown in Table 3, where the sheet density and
compression strength of the control are lower than in
the previous tests because of the absence of the
standard handsheet pressing. However, the addition
of nearly 20% weight lignin increased the compressive strength index significantly by about 47% for the
water-soluble lignin and 72% for the insoluble lignin.
Effect of adding precipitated black liquor lignin at high
moisture content
Another source of lignin, which was precipitated
directly from black liquor, was also tried as an additive
to the handsheets. The handsheets (with moisture
content of 80 to 88%) in this case did not have the
two-stage standard pressing and were only hot-pressed for 10 min at 3.45 bar and 150 °C after the lignin
addition. As shown in Table 4, the increase in lignin
addition increases the compression strength. For instance, at 16% addition, the compression strength increased around 20%. The effect was the same as that
achieved with commercial lignin products. As in the
previous tests with added lignin, there was a reduc-

Table 2. Effect of commercial lignin addition and hot pressing temperature on handsheet strength properties; hot-pressed at 3.45 bar for
10 min (moisture content < 80%); L.S.D is the least significant difference at the 0.05 level of probability
Average lignin
added, %

Basis weight
2
g/m

Density
3
g/cm

Average short span compression
a
index , N m/g

Average tensile
a
index , N m/g

120

0

243

733

37.2

67.3

150

0

238

656

38.4

71.2

Hot pressing
temperature, °C

200

0

245

595

36.5

69.6

120

15.7

238

710

39.1

60.3

150

15.7

239

660

47.0

64.9

200

15.7

244

562

42.7

58.9

–

–

–

1.09

1.42

L.S.D0.05
a

Each value is an average of sixty samples
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Table 3. Effect of addition of different commercial lignin on handsheet strength properties; hot-pressed at 3.45 bar for 10 min at 150 °C
(moisture content < 80%); L.S.D is the least significant difference at the 0.05 level of probability
Sample

Average lignin added
%

Initial moisture
a
content , %

Basis weight
2
g/m

Density, g/cm

Control

0

87.9

240

484

3

Average short span
b
compression index , N m/g
28.8

Soluble lignin

18.8

81.0

200

478

42.4

Insoluble lignin

19.7

84.2

191

455

49.6

–

–

–

–

1.09

L.S.D0.05
a

b

Initial moisture content prior to two stages for 5 min and 2 min at 3.45 bar at room temperature; each value is an average of sixty samples

Table 4. Effect of addition of different pH acid-precipitated lignin on handsheet strength properties; hot-pressed at 3.45 bar for 10 min at
150 °C (moisture content < 80%); L.S.D is the least significant difference at the 0.05 level of probability
Average lignin
added, %

Basis weight
2
g/m

Density
3
g/cm

Average short span compression
a
index , N m/g

Average tensile
a
index , N m/g

Control

0

239

607

37.4

73.4

Black liquor lignin pH 2

10

239

550

40.8

59.7

Black liquor lignin pH 2

15.7

240

572

45.0

58.8

Black liquor lignin pH 8

15.6

239

560

42.7

61.6

–

–

–

1.09

1.42

Sample

L.S.D0.05
a

Each value is an average of sixty samples

tion in tensile strength due to the lower amount of
fibers in the handsheets with added lignin at the same
total basis weight.
Interestingly, it is noticed that the overall densities of the control and lignin-modified sheets decrease as the hot pressing temperature increases, and
specifically as the compressive stress was released.
This springback of handsheet causes substantial and
sudden overall handsheet density loss as described
in the previous research [20-22]. The Handsheet
springback is temperature-dependent based on viscoelasticity theories, where the relaxation time and relaxation behavior strongly depend on temperature
levels. For instance, at high temperature, the relaxation time has a rather a small value, and consequently the rapid relaxation behaviour causes a
strong springback effect that leads to sudden overall
sheet density loss within milliseconds [22]. In the case
of lignin-modified sheets, the increase of temperature
more than the Tg of lignin will activate the effect of
visco-elasticity and this will lead to higher relaxation
effect and subsequently lowers the density of the lignin-modified sheets.
As reported in the literature, some color
changes of the acid-precipitated lignin at different pH
values can be observed due to occasional association
of macromolecules (chromophoric functional groups
including carbonyl groups, carboxylic acids, phenolic
hydroxyl groups, etc.) [23]. In the present work, the
presence of impurities in the raw material, mainly
hemicelluloses and silicates might lead to darker color

of lignin at a relatively higher pH value (8) [19,24].
Hence, the presence of these impurities has influenced the mechanical qualities of the handsheets.
This is clearly shown in Table 4, when comparing the
compression strength and the tensile strength of the
handsheets two pH values (2 and 8) of both black
liquor lignin. The presence of hemicelluloses and silicates at black liquor lignin pH value of 8 has increased the tensile strength and decreased the compression strength.
CONCLUSIONS
In this present sutdy, the aim was to evaluate
the effect of the addition of lignin as a dry powder to a
wet linerboard handsheet followed by hot pressing for
the enhancement of its compression strength. The
results of the present research show that the addition
of the recovered lignin from the black liquor to the wet
handsheet (approximately 80% initial moisture content) followed by hot-pressing at 150 °C was generally
more effective in improving the compression strength
of linerboard handsheets.
One of the significant findings of this study was
that when lignin had an effect on the compression
strength at 16% addition, the compression strength
increased 20%. However, the basis weight reduction
of the linerboard is recommended to be investigated
in future work.

111

M.N. SAIDAN et al.: IMPROVEMENT OF LINERBOARD COMPRESSIVE…

REFERENCES

[12]

Chem. Ind. Chem. Eng. Q. 21 (1) 107−112 (2015)
S. Allaoui, Z. Aboura, M.L. Benzeggagh, Compos. Struct.
87(1) (2009) 80-92

[1]

C.W. Ford, Carbohydr. Res. 147(1) (1986) 101-117.

[13]

R.G. Anderson, E.L. Back, TAPPI J. 58(8) (1975) 156-159

[2]

M. Canetti, F. Bertini, Compos. Sci. Technol. 67(15-16)
(2007) 3151-3157

[14]

R.G. Anderson, E.L. Back, TAPPI J. 58(6) (1975) 88-91

[15]

D.G. Morgan, Appita J. 51(5) (1998) 343-350

[3]

M. Leisola, O. Pastinen, D. Axe, Bio-Complexity 3 (2012)
1-11

[16]

M.N. Angles, F. Ferrando, X. Farriol, J. Salvadó, Biomass
Bioenergy 21 (2001) 211-224

[4]

A.R. Gonçalves, P. Benar, Bioresour. Technol. 79(2)
(2001) 103-111

[17]

D. Feldman, D. Banu, J. Campanelli, H. Zhu, J. Appl.
Polym. Sci. 81 (2001)861–874

[5]

C. Pouteau, P. Dole, B. Cathala, L. Averous, N.
Boquillon, 81(1) (2003) 9-18

[18]

W.G. Glasser, R.K. Jain, Holzforschung 47 (1993) 225–
-233

[6]

J.D. Gargulak, S.E. Lebo, ACS Symposium Series 742
(2000) 304-320

[19]

[7]

M. Canetti, F. Bertini, A. De Chirico, G. Audisio, Polymer
Degrad. Stab. 91(3) (2006) 494-498

A. Garcia, A. Toledano, L. Serrano, I. Egues, M. Gonzalez, F. Marin, J. Labidi, Sep. Puri. Technol. 68 (2009)
193–198

[20]

M.A. McGregor, Tappi J. 66(6) (1983) 53-57

[8]

M. Camilo, E.M. Nour-Eddine, V Fabiola, F. Francesca,
S. Joan, Biores. 6(3) (2011) 2851–2860

[21]

H. Vomhoff, in Pappersteknik. 1998, PhD Thesis, Royal
Institute of Technology: Stockholm, p. 130

[9]

F. Öhman, H. Wallmo, H. Theliander, Nordic Pulp Paper
Res. J. 22(2) (2007) 188-193

[22]

S. Burton, C. Sprague, JPPS 13(5): (1987) J145

[23]

H. Loutfi, B. Blackwell, V. Uloth, in TAPPI Pulping
Conference Proceedings, TAPPI Press, Atlanta, GO,
1990, p. 467

[24]

S.I. Mussatto, M. Fernandez, I.C. Roberto, Carbohydr.
Polym. 70 (2007) 218–223.

[10]

F. Öhman, H. Wallmo, H. Theliander, Filtration 7(4)
(2007) 309-315

[11]

S. Allaoui, Z. Aboura, M.L. Benzeggagh, Compos. Sci.
Technol. 69(1) (2009) 104-110

MOTASEM N. SAIDAN
Chemical Engineering Department,
Faculty of Engineering & Technology,
The University of Jordan, Amman,
Jordan
NAUČNI RAD

POBOLJŠANJE KOMPRESIVNE JAČINE RAVNOG
KARTONA PRESOVANJEM NA TOPLO I
DODATKOM LIGNINA IZDVOJENOG IZ CRNOG
LUGA
U ovom radu je ispitan uticaj dodavanja lignina istaloženog iz crnog luga iz proizvodnje
papira vlažnom ravnom kartonu koji je zatim presovan na različitim temperaturama na
njegovu čvrstoću pri pritisku. Kartoni na kojima se testira efekat dodavanja lignina su
pripremljeni tako da listovi modifikovani ligninom imaju iste osnovne težine, kao i kontrolni
listovi. I komercijalni i lignin dobijen iz crnog luga se dodaju u obliku praha na vlažne listove posle formiranja lista u kalupu. Eksperimenti i testiranja fizičkih osobina i otpornost
prema kidanju na suvim listovima izvršeno je u skladu sa TAPPI test metodama. Rezultati
su pokazali da dodavanje lignina dobijenog iz crnog luga (pri pH 2) na vlažni list koji je
posle presovan na toplo na 150 °C povećava kod listova čvrstoću pri pritisku za 10 do 20%
u odnosu na listove kojima nije dodavan lignin. Isti rezultati su postignuti korišćenjem komercijalnog lignina. Međutim, dodatak 16% komercijalnog lignina bilo bi preskupo. Ovi
rezultati ukazuju da je korišćenje kraft lignina jedna atraktivna opcija kojom se smanjuje
osnovna težina kartona.
Ključne reči: lignin, čvrstoća pri pritisku, lineri, crni lug, Kraft pulpa.
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A NOVEL BETAINE TYPE ASPHALT
EMULSIFIER SYNTHESIZED AND
INVESTIGATED BY ONLINE FTIR
SPECTROPHOTOMETRIC METHOD
Article Highlights
• A novel betaine type asphalt emulsifier was synthesized
• The optimum reaction condition was obtained
1
• The chemical structure of the product was characterized by FTIR and H-NMR
• Based upon the experimental data, a plausible reaction mechanism was proposed for
the reaction. The emulsifier is a rapid-set asphalt emulsifier
Abstract

A novel betaine type asphalt emulsifier 3-(N,N,N-dimethyl acetoxy ammonium
chloride)-2-hydroxypropyl laurate was synthesized after three steps by the
reaction of lauric acid, epichlorohydrin, dimethylamine and sodium chloroacetate. The optimum reaction conditions were obtained for the synthesis of
the first step of 3-chloro-2-hydroxypropyl laurate. The esterification yield
reaches 97.1% at the optimum conditions of reaction temperature 80 °C, reaction time 6 h, feedstock mole ratio of epichlorohydrin to lauric acid 1.5, mass
ratio of catalyst to lauric acid 2%. The chemical structure of the product was
characterized by FTIR and 1H-NMR. The first synthesis step of 3-chloro-2-hydroxypropyl laurate was monitored by online FTIR technique. The by-product
was detected by the online FTIR analysis. Based upon the experimental data,
a plausible reaction mechanism was proposed for the reaction. The CMC of
the objective product has a lower value of 7.4×10-4 mol/L. The surface tension
at CMC is 30.85 mN/m. The emulsifier is a rapid-set asphalt emulsifier.
Keywords: asphalt, emulsifier, betaine, synthesis, online FTIR.

Emulsions and emulsification processes of
asphalt are considered a very important practice in
industry nowadays. Compared to hot-mixed asphalt,
bituminous emulsions have the advantages of working at ambient temperature, strong adhesive power
with mineral aggregate, low energy consumption and
little pollution to the environment. They are used extensively in pavement construction and waterproofing
industries [1-4].
Bituminous emulsions can be classified into cationic, anionic or nonionic types depending on the
charge on the asphalt particle. Anionic emulsifiers,
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such as long chain sulfonate, alkali metal salt of an
alkali lignin and carboxylic acid organic salts, were
used widely in the early research stage [5-7]. Cationic
emulsifiers have dominated in bitumen emulsion later
because of their good emulsifying performance and
excellent adhesion to mineral aggregate [8-10]. Most
aggregates carry a negative charge, and cationic
emulsions can be rapidly attracted and bound to these
surfaces. The mainly cationic asphalt emulsifiers are
nitrogen-containing organic amine derivatives. Honma
et al. [11] investigated a cationic slow-set asphalt
emulsion composition, which is scarcely affected by
temperature and characteristics of the aggregates.
Gemini emulsifiers are surfactants with two or more
hydrophilic groups and two or more hydrophobic
groups in the molecules, and they have more surface-active [12,13]. Rist et al. [14] selective synthesis of
linear and Gemini quaternary ammonium surfactants
by reacting the corresponding alkyl alcohols with
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2-chloro-N,N-dimethyl-ethylamine under basic conditions.
Zwitterionic emulsifiers, which can be mainly
divided into betaine-type and amino acids, represent
an active research area of surfactants as well [15].
The hydrophilic groups in the molecular structure contain both acidic and alkaline groups. Zwitterionic
emulsifiers are effective at different pH values. They
have excellent emulsifying properties, and good compatibility with anionic, cationic and nonionic surfactants [16,17]. Various researches on betaine emulsifiers have been done [18,19]. Martin and Hemsley
[20] studied an asphalt emulsion priming composition
using betaine-type emulsifiers. It can be used on road
beds to prepare the road bed for paving. Nonionic
emulsifiers, such as ethoxylated nonylphenols, can be
used as part of an emulsifier or alone in both cationic
and anionic slow-setting emulsions. A nonionic emulsifier is obtained by a process comprising the steps of
adding ethylene oxide to an alcohol having a long
chain, adding propylene oxide to the resulting compound, and again adding ethylene oxide to the resulting compound [21]. It has the desired stability in a stationary state and storability.
In previous papers we have studied different
types of asphalt emulsifiers [22,23]. In this study, a
new betaine asphalt emulsifier was synthesized. The
chemical structures were characterized by FTIR and
1
H-NMR. A plausible reaction mechanism was proposed for the reaction according to online FTIR analysis.

EXPERIMENTAL
Materials and characterization
Lauric acid was obtained from Sinopharm Chemical Reagent Co., Ltd, Shanghai, China. Epichlorohydrin was purchased from Xilong Chemical Reagent
Co., Ltd, Guangzhou, China. Tetrabutyl ammonium
bromide (TBAB) was offered by Tianjin Guangfu Fine
Chemical Research Institute, Tianjin, China. Dimethylamine (33%) was obtained from Chengdu Kelong
Chemical Reagents Factory, Chengdu, China. Chloroacetic acid was purchased from Tianjin DaMao
Chemical Reagent Factory, Tianjin, China. All the
reagents mentioned above were of analytical grade
and used without further purification. Medium-set
asphalt emulsifier (a commercial product of TongDa)
was provided by Xinxiang TongDa Highway Technology New Material Co. Ltd., Xinxiang, China.
Asphalt adopted was AH-90, which was provided by
Shengli Refinery of Qilu Petrochemical Company,
Zibo, China. The mineral aggregate was the mixture
of different size of marble stone.
FTIR spectra were recorded from 400 to 4000
-1
cm wavenumber range with averaging 32 scans at a
resolution of 4 cm-1 on a Bruker Tensor-27 FTIR spectrophotometer. 1H-NMR spectra were recorded on a
Bruker Avance 300 NMR spectrometer (Bruker, Germany), using CDCl3 as solvent. Chemical shifts (δ)
were given in ppm.
Synthesis of betaine type asphalt emulsifier
Scheme 1 shows the synthesis routes of asphalt
emulsifier.

R1:
C11H23COOH

+

TBAB

CH2 CHCH2Cl

C11H23COOCH2CHCH2 Cl

O

OH

Product a
R2:
C11 H23 COOCH 2CHCH2Cl

+

C11 H23COOCH2CHCH2N(CH3)2 HCl

NH(CH3)2

OH

OH

Product b
R3:
C11 H23 COOCH2CHCH2N(CH3)2 HCl + ClCH2COONa
OH

C11H23COOCH2CHCH2 N(CH3)2 Cl
OH

+

HCl

CH2COONa

Product c
Scheme 1. Synthetic routes of 3-(N,N,N-dimethyl acetoxy ammonium chloride)-2-hydroxypropyl laurate.
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2.35 (t, 2H, -CH2-COO), 3.70 (m, 2H, -CH2-Cl), 4.12
(m, 1H, -CH-), 4.30 (m, 2H, -COO-CH2-).
3-(N,N-dimethylamino hydrochloride salt)-2hydroxypropyl laurate (b), Step 2. 50 mL anhydrous
ethanol, 1.00 g NaOH and 5 mL distilled water were
added to 3-chloro-2-hydroxypropyl laurate (a), then
33% dimethylamine aqueous solution (16.39 g,
0.1200 mol) was added dropwise and stirred for 4 h at
75 °C in a water bath. The product was processed by
vacuum distillation to remove the solvent, then recrystallized with mixed solution of anhydrous ethanol and
acetone. The product b was dried to a constant
weight under vacuum. The combined yield of Steps 1
and 2 obtained by the Mohr method is 86.3%. The
relative concentration of component 2 (product b) is
2.26 at the reaction time 4 h, while the relative concentration of component 4 (the diquat by-product) is

3-chloro-2-hydroxypropyl laurate (a), Step 1.
Lauric acid (20.00 g, 0.1000 mol), epichlorohydrin
(13.87 g, 0.1500 mol) and 0.40 g tetrabutyl ammonium bromide were added in a three-necked flask.
The solution was stirred for 6 h at 80 °C in a water
bath. The product a was obtained by vacuum distillation (fractions boiling at 126-127 °C under 6.67 kPa
were collected). The esterification yield reaches
97.1%. The relative concentration of component 2
(product a) is 17.39 at the reaction time 6 h, while the
relative concentration of component 3 (the by-product
in Scheme 2) is 0.08. Therefore, the yield of product a
can be calculated as 96.7%, while the yield of the
by-product can be calculated as 0.4%. The percent
yield of by-product is very low. 1H-NMR (300 MHz,
CDCl3), δ / ppm: 0.95 (t, 3H, -CH3), 1.29 (m, 16H, CH2-), 1.68 (t, 2H, -CH2-C-COO), 2.10(m, 1H, -OH),
R4:
CH3(CH2)10COOH +

(CH3 CH2CH2CH2)4N Br

CH3(CH2)10COO

N(CH 2CH2CHCH2 )4

+

H

Br

R5:
H

Br

+

CH2 CH

CH2Cl

Br

CH2 CH

O

CH2Cl

O
H

R6:
CH3(CH2)10COO

N(CH2CH2CHCH2)4

Br

+

CH2 CH

CH2Cl

O
H
O

CH2 CH

CH3(CH2)9CH2 C
O
O
CH3(CH2)9CH2 C

+

(CH3CH2CH2CH2)4N Br

H

R7:

CH2 CH

CH2 Cl

CH3(CH2)10COOCH2CH

O
O

CH2Cl

O

H

CH2Cl

OH

Product a
R8:
CH3 (CH2)10COOCH2 CH
OH

CH2Cl

+

CH2 CH

CH2Cl

O
OH

CH3(CH2)10COOCH2 CH

O

CH2CHCH2Cl

CH2Cl

Component 3 (by-product)
Scheme 2. The reaction mechanism for synthesis 3-chloro-2-hydroxypropyl laurate.
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0.21. Therefore, the yield of product b can be calculated as 79.0%, while the yield of the diquat by-product can be calculated as 7.3%. The percent yield of
the diquat by-product is low.
3-(N,N,N-dimethyl acetoxy ammonium chloride)-2-hydroxypropyl laurate (c), Step 3. Sodium chloroacetate aqueous solution was synthesized by the
reaction of 11.34 g (0.1200 mol) chloroacetic acid,
4.80 g (0.1200 mol) NaOH and 30 g distilled water.
Then the sodium chloroacetate aqueous solution was
added dropwise to 3-(N,N-dimethylamino hydrochloride salt)-2-hydroxypropyl laurate (b) and stirred for 6
h at 75 °C in a water bath. The product was processed by vacuum distillation to remove the solvent,
then recrystallized with mixed solution of anhydrous
ethanol and ethyl acetate. The product c was dried to
a constant weight under vacuum. The combined yield
of Steps 1, 2 and 3 obtained by potassium ferricyanide method is 37.9%. The relative concentration
of component 3 (product c) is 8.19 at the reaction time
6 h, while the relative concentration of component 4
(the diquat by-product) is 0.36. Therefore, the yield of
product c can be calculated as 36.3%, while the yield
of the diquat by-product can be calculated as 1.6%.
The percent yield of the diquat by-product is low.

The yield (Y2) of product b was obtained by the
Mohr method. For reaction R2, chloride ion was
produced. 2.5000 g sample was weighed into a conical flask, then about 50 mL distilled water and 0.1 mL
of phenolphthalein indicator was added. The solution
was titrated with 0.1 mol/L standard HNO3 solution to
the appearance of colourless. Then, 1 mL of 5% potassium chromate indicator was added. The solution
was titrated with 0.1 mol/L standard silver nitrate
solution. The endpoint of the titration is identified as
the first appearance of a red-brown color of silver
chromate. At the same time, a blank titration was
performed:

Esterification yield
The yield of product a was analyzed by esterification yield. For reaction R1, lauric acid was consumed and acid value decreased. The acid value
(A.V) of product a was measured by the following
method: 1.0000 g sample was weighed into a conical
flask, then 70 mL 95% ethyl alcohol and 0.5 mL
phenolphthalein indicator were added. The solution
was titrated with 0.1 mol/L standard KOH solution to
the appearance of pink color:

AV
. =

V1C156.1
m1

(1)

where A.V is the acid value (mg KOH/g), V1 is the
consumed volume of KOH standard solution (mL), C1
is the concentration of KOH standard solution (mol/L),
and m1 is the mass of the sample to be titrated (g).
The esterification yield (Y1) of reaction R1 was
calculated as:

Y1 = 100

AV
. 0 − AV
.
AV
. 0

(2)

where Y1 is the esterification yield of reaction R1 (%)
and A.V0 is the initial acid value (mg KOH/g).

The yield of product b
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Y 2 = 100

N 2 (V 2 −V 02 ) m
1000m 2n 2

(3)

where Y2 is the yield of product b.V2 is the consumed
volume of AgNO3 standard solution (mL), V02 is the
consumed volume of AgNO3 standard solution in
blank test (mL), m is the total mass of sample (g), m2
is the mass of sample to be titrated (g), N2 is the
concentration of AgNO3 standard solution (mol/L),
and n2 is the mole of lauric acid (mol).

The yield of product c
The yield (Y3) of product c was obtained by
potassium ferricyanide method, as the product c is a
betaine surfactant which acts as a cationic surfactant
under the acidic conditions. 3.0000 g sample was
weighted and dissolved in 50 mL water, and transferred to a 200.0 mL volumetric flask. Then, 8 mL
acetic acid-sodium acetate buffer solution and 50.0
mL potassium ferricyanide aqueous solution (0.05
mol/L) measured by a pipette were added into the
200.0 mL volumetric flask. The resulting solution was
diluted to the mark of the 200.0 mL volumetric flask
with distilled water, and allowed to stand for 1 h.
Then, the mixed solution was filtered with dry filter
paper. The initial 20 mL filtrate was abandoned. The
following 100.0 mL filtrate was accurately measured
with a pipette to a 250 mL iodine flask. 10 mL 20% KI
aqueous solution and 10 mL dilute hydrochloric acid
(1:1) were added and stored for 1 min. Then 10 mL
10% zinc sulfate solution was added and stored for 5
min. The mixed solution was titrated with 0.05 mol/L
standard sodium thiosulfate solution. 3 mL 1% starch
indicator was added when the titrated solution became
pale yellow. The endpoint of the titration was identified as the blue color disappeared. At the same time,
a blank titration was performed:

Y3 =

[(V 03 −V 3 )N 3 3m ] 200
100
nm31000
100

(4)
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where,Y3 is the yield of product c, V3 is the consumed
volume of sodium thiosulfate standard solution (mL),
V03 is the consumed volume of sodium thiosulfate
standard solution in blank test (mL), N3 is the concentration of sodium thiosulfate standard solution
(mol/L), m is the total mass of sample (g), m3 is the
mass of sample to be titrated (g), and n is the mole of
lauric acid (mol).
Online FTIR analysis
The online FTIR analysis was performed on a
ReactIR 4000 spectrophotometer (Mettler-Toledo
AutoChem, Inc., USA). FTIR spectra were recorded
from 650 to 4000 cm-1 wavenumber range at a resolution of 4 cm-1. The detector of the online FTIR
analysis system was immersed in the solution during
the reaction to record the 3D online FTIR spectra. The
magnetic stirrer was under operation during the online
FTIR measurement.
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emulsion (11 g) was then added, and the mixture was
stirred at 60 revolutions per minute. The aggregate
mixing time was recorded by observation of the mixing performance. The room temperature was 25 °C.
RESULTS AND DISCUSSION
Synthesis optimization of 3-chloro-2-hydroxypropyl
laurate

Reaction temperature
The reaction conditions were as follows: reaction time 6 h, feedstock mole ratio of epichlorohydrin
to lauric acid 1.5, mass ratio of catalyst to lauric acid
2%. Figure 1 shows that the esterification yield (Y1)
increases with the reaction temperature, and levels
off when the temperature is greater than 80 °C.
100

90

Surface tension and CMC

Performance test of bituminous emulsion

Preparation of bituminous emulsion
In the preparation of bituminous emulsion, the
emulsifier of product c was used directly after synthesis steps and without purification process. Commercial product of TongDa was also a synthesized
mixture in practical usage, which mainly contains
quarternary ammonium salt. 12.5 g emulsifier of product c or commercial product of TongDa was dissolved in 200 mL water. The pH value of the aqueous
solution was adjusted to 2.0 by adding hydrochloric
acid, then the solution was heated to 60 °C. 300 g
AH-90 asphalt was heated to 120 °C. The bituminous
emulsion was prepared by mixing the aqueous solution containing emulsifier and asphalt in a colloid mill
for 1 min.

Aggregate mixing experiment
Mineral aggregate (100 g), cement (1 g) and
water (7 g) were placed in a 500-mL bowl. Bituminous

80

70

Y1 (%)

In the determination of surface tension and critical micelle concentration (CMC), the sample of
emulsifier product c was used as purified sample described above by recrystallization. Surface tension of
surfactant solutions decreases sharply with the increase of concentration, and nearly does not change
when the concentration reaches CMC. Surface tension of surfactant solutions was measured with Krüss
Processor tensiometer K12 (Krüss GmbH, Hamburg,
Germany). The CMC and the surface tension at CMC
were determined by the breaking point of the curve of
surface tension to logarithm of concentration.

60
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Figure 1. Yield versus reaction temperature.

Reaction time
The reaction conditions were as follows: reaction temperature 80 °C, feedstock mole ratio of epichlorohydrin to lauric acid 1.5, mass ratio of catalyst
to lauric acid 2%. Figure 2 shows that the esterification yield increases with the reaction time and
levels off after 6 h.

Feedstock mole ratio
The reaction conditions were as follows: reaction temperature 80 °C, reaction time 6 h, mass ratio
of catalyst to lauric acid is 2%. Figure 3 represents
the esterification yield (Y1) versus feedstock mole
ratio of epichlorohydrin to lauric acid, showing that the
esterification yield increases with the feedstock mole
ratio in the first stage, then levels off when the
feedstock mole ratio is greater than 1.5.

The dosage of catalyst
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The reaction conditions were as follows: reaction temperature 80 °C, reaction time 6 h, feedstock
mole ratio of epichlorohydrin to lauric acid 1.5. Figure
4 represents the esterification yield (Y1) versus the
mass ratio (w) of catalyst to lauric acid. The esterification yield increases with the mass ratio in the first
stage, then levels off when the mass ratio is greater
than 2.0%.

gives the peak assignments. The reaction to synthesize 3-chloro-2-hydroxypropyl laurate was monitored by online FTIR technique. In the reaction, the
reaction time was up to 7.0 h. The 3D online infrared
spectrum throughout the whole reaction process
changed a lot (data available from corresponding
author on request).
100
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Y1 (%)

Y1 (%)
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Figure 4. Yield versus mass ratio of catalyst to lauric acid.

Figure 2. Yield versus reaction time.
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Figure 3. Yield versus feedstock mole ratio.

Overall speaking, the optimum reaction conditions are as below: reaction temperature 80 ºC,
reaction time 6 h, feedstock mole ratio of epichlorohydrin to lauric acid 1.5, mass ratio of catalyst to
lauric acid 2%. The esterification yield reaches 97.1%
at the optimum reaction conditions.
FTIR characterization and online FTIR analysis
FTIR spectra of products a, b and c are available from corresponding author on request. Table 1
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w (%)

Three components were detected by online
FTIR analysis. Their FTIR spectra were obtained
(data available from corresponding author on
request). Table 1 also gives the peak assignments.
Therefore, the spectrum of component 1 obtained by
online FTIR agrees with the chemical structure of
lauric acid. The spectrum of component 2 obtained by
online FTIR agrees with the chemical structure of
product a in Scheme 1. The spectrum of component 3
obtained by online FTIR should be a by-product as
shown in Scheme 2.
In the plot of relative concentrations (c) of components 1–3 versus reaction time (data available from
corresponding author on request), the relative concentration of component 1 decreases with the reaction time. Therefore, we can ascertain that component
1 should be lauric acid according to the changing
trend of concentration and the online FTIR spectrum.
The relative concentration of component 2 increases gradually with reaction time. We can ascertain
that component 2 should be the target product a to be
synthesized according to the changing trend of concentration and the online FTIR spectrum.
The relative concentration of component 3 is
small during the reaction. Therefore, we can ascertain
that component 3 should be a by-product as shown in
Scheme 2 according to the changing trend of concentration and the online FTIR spectrum.
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Table 1. Peak assignments in FTIR analysis
Mode

S1(prod a)

OH str

-1

pk

cm

1

3358

S6 (prod a) on-line
-1

pk

cm

1

3258

S2 (prod b)

S3 (prod c)

-1

S5 (lauric acid)

-1

-1

S7 (by-prod)
-1

pk

cm

pk

cm

pk

cm

pk

cm

1

3340

1

3378

1

3220

1

3263

CH3 a str

2

2960

2

2956

2

2956

2

2959

2

2959

2

2958

CH2 a str

3

2927

3

2925

3

2920

3

2927

3

2931

3

2920

CH3 s str

4

2874

CH2 s str

5

2854

4

2850

4

2861

4

2854

4

2855

4

2850

6

1728

5

1738

5

1740

5

1735

5

1708

5

1727

6

1610

7

1465

6

1464

6

1452

7

1430

7

1433

8

1385

8

1385

9

1260

9

1267

10

1112

10

1190

11

1103

12

958

13

760

14

725

C=O str
-

C=O (COO ) str
CH2 a bend

7

1465

6

1458

6

1460

CH3 a bend

8

1428

7

1433

7

1420

CH3 s bend

9

1380

8

1378

8

1380

8

1387

9

1256

9

1250

10

1171

10

1184

CN str
C(=O)-O str

10

1257

9

1253

COC a str

11

1177
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For reaction R1, we proposed Scheme 2, as
shown in reactions R4–R8, based upon the spectra
obtained by online FTIR and the concentration
changing trends of the three components. Lauric acid
and tetrabutyl ammonium bromide forms a transition
state firstly (reaction R4), which promotes the reaction
of lauric acid with epichlorophydrin to form product a.
The by-product of component 3 is formed by the
reaction of product a with epichlorohydrin (reaction
R8).
CMC and surface tension
Figure 5 gives the curve of surface tension (σ)
versus the logarithm of concentration of the product c
at 298 K. The surface tension showed a shape decrease at first, then remained at a stable level. The
CMC of the product c has a lower value of 7.4×10-4
mol/L, located at the turning point of the curve. The
surface tension at CMC is 30.85 mN/m.
Performance evaluation of bituminous emulsion
The aggregate mixing time was 0 s, while the
value for the medium-set asphalt emulsifier (commercial product of TongDa) was 35 s. This indicates
that the synthesized emulsifier is a rapid-set asphalt

emulsifier. Firstly, the synthesized emulsifier is a new
asphalt emulsifier. Secondly, it has the advantages of
55

50

σ(mN/m)

Reaction mechanism of synthesis 3-chloro-2-hydroxypropyl laurate

45

40

35

30

25
6.0

5.5

5.0

4.5

4.0

3.5

3.0

-lgc

Figure 5. Surface tension versus the logarithm of product c
concentration.

the raw materials of the emulsifier cheap. The raw
material cost is 4927 RMB per ton, comparing with
9103 RMB per ton of commercial product of TongDa.
Thirdly, the synthesis process is simple, and the
technique is mature. Fourthly, the synthesized emulsifier particularly applies to chip seal, where usually
the shorter the aggregate mixing time is, the better
the effect. Therefore, the synthesized emulsifier can
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be designed to perform in a wide variety of applications including chip seal, tack coat, and fog seal in
asphalt pavement construction.
CONCLUSIONS
A novel betaine type asphalt emulsifier was
synthesized after three steps by the reactions of lauric
acid, epichlorohydrin, dimethylamine aqueous solution and sodium chloroacetate. The optimum reaction condition was obtained for the synthesis of the
first step of 3-chloro-2-hydroxypropyl laurate. The first
synthesis step was monitored by online FTIR technique. The by-product was detected by the online
FTIR analysis. Based upon the experimental data, a
plausible reaction mechanism was proposed for the
reaction. The emulsifier is a rapid-set asphalt emulsifier. It can be designed to perform in a wide variety
of applications including chip seal, tack coat, and fog
seal in asphalt pavement construction.
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SINTEZA I ONLINE FTIR
SPEKTROFOTOMETRIJSKO ISPITIVANJE NOVOG
EMULGATORA BETAINSKOG TIPA ZA ASFALT
U ovom radu je sintetisan novi emulgator betainskog tipa za asfalt u tri faze reakcijom
laurinske kiseline, epihlorohidrina, 3-(N,N,N-dimetil acetoksi amonijum-hlorida)-2-hidroksipropil laurat dimetilamina i natrijum-hloroacetata. Za prvu fazu reakcije gde se sintetiše
3-hloro-2-hidroksipropil laurat nađeni su optimalni reakcioni uslovi. Prinos esterifikacije
dostiže 97,1 % pri optimalnim reakcionim uslovima (temperatura 80 °C, vreme reakcije 6 h,
molski odnos epihlorhidrin:laurinska kiselina 1:1,5 i maseni udeo katalizatora od 2% u
odnosu na laurinsku kiselinu). Hemijska struktura produkta je karakterisana FTIR i 1H- NMR. Prva faza sinteze 3-hloro-2-hidroksipropil laurata je praćena online FTIR tehnikom.
Nuz proizvodi reakcije su detektovani online FTIR analizom. Na osnovu eksperimentalnih
podataka pretpostavljen je mehanizam reakcije. Kritična micelarna koncentracija proizvoda
ima vrednost nižu od 7,4×10-4 mol/L. Površinski napon za kritičnu micelarnu koncentraciju
je 30,85 mN/m. Dobijeni emulgator je brzi asfalni emulgator.
Ključne reči: asfalt, emulgator, betain, sinteza, online FTIR.
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ENHANCED COMPOUND-ENZYMES-ASSISTED EXTRACTION OF
POLYSACCHARIDES FROM

Cornus officinalis

Article Highlights
• UCEA for the extraction of Cornus officinalis polysaccharides was built
• UCEA of Cornus officinalis polysaccharides were optimized by RSM
Abstract

The process of ultrasonic-enhanced compound-enzymes-assisted extraction of
polysaccharides from the fruit of Cornus officinalis was optimized by response
surface methodology (RSM). The influence of three different factors on the
yield of C. officinalis polysaccharides (COP) was studied. The results showed
that the optimal conditions were extraction temperature 49.6 °C, ultrasound
time 40.41 min, and ultrasound power 308.07 W. The experimental data
obtained were fitted to a second-order polynomial equation using multiple regression analysis and were analyzed by analysis of variance (ANOVA). The 3-D
response surface plot and the contour plot derived from the mathematical
models were applied to determine the optimal conditions. Under modified conditions, the experimental yield of polysaccharides was 11.02±0.41%, which
was well in agreement with the value predicted by the model. A good 1,1-diphenyl-2-picryldydrazyl (DPPH) radical scavenging activity of COP extracted by
ultrasonic-enhanced compound-enzymes-assisted extraction was observed.
Keywords: ultrasonic compound enzymes, Cornus officinalis, response
surface methodology, polysaccharides, analysis of variance.

Many kinds of herbs had been used traditional
Chinese medicine materials and folk treatment since
ancient times because of their various biological
activities [1]. Cornus officinalis is the one that had
been used commonly. C. officinalis, belonging to the
family of Cornaceae, had been used as a Chinese
medicine for more than hundred years for its diuretic,
tonic and analgesic effects [2]. It has been reported
that the fruit of C. officinalis has many bioactivities
such as anti-microbial, anti-inflammatory, anti-shock,
cardiotonic, anti-oxidant, anti-aging, and immunoregulatory activities [3]. The polysaccharides isolated from
C. officinalis may be main bioactive ingredient [4].
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Many methods can be used for polysaccharides
extraction, such as enzyme assisted extraction (EAE)
[5], hot water extraction (HWE) and ultrasound-assisted extraction (UAE) [6,7]. HWE is simple and safe,
but its high temperature and long extraction time
usually lead to the degradation of polysaccharides
and the decrease of the pharmacological activity of
polysaccharides [8]. EAE is undoubtedly an emerging
extraction technology since it offers many advantages
such as lower investment costs, fewer energy requirements, simplified manipulation and higher extraction yield [9,10]. UAE has been applied to the extraction of target products from various materials
owing to that it could promote mass transfer between
immiscible phases by the low frequency ultrasound
[11,12]. Ultrasonic-enhanced compound-enzymesassisted extraction (UCEA) is a new conjunctive extraction method, which is a new emerging extraction
technology since it owns the advantages of EAE and

123

Q. YOU et al.: ENHANCED COMPOUND-ENZYMES-ASSISTED EXTRACTION…

UAE such as higher extraction efficiency, mild extraction work conditions, and simplified operation.
Response surface methodology (RSM) is an
efficient statistical method for optimizing complicated
operation processes because it allows more efficient
and easier arrangement and interpretation of experiments compared to other methods [13,14]. Moreover, it is less laborious and time-consuming than
other methods [13–15]. It had been widely used in
optimizing the extraction process of various bioactive
compounds, such as polysaccharides, silybin [16–18].
In this study, the ultrasonic-enhanced compound-enzymes-assisted extraction of COP was
investigated to obtain an effective method for COP
with high yield. A three-level, three-variable BoxBehnken design (BBD) was used to optimize the extraction parameters of COP, and the antioxidant capacity of COP was determined by 1,1-diphenyl-2-picryldydrazyl (DPPH) radical scavenging activity.
MATERIALS AND METHODS
Materials and equipment
Cellulase (15000U/g) and papain (6000U/mg)
were acquired from Sinopharm Chemical Reagent
Co., Ltd. Pectinase (20000U/g) were obtained from
TianJin LiHua Enzyme Co., Ltd. All other reagents
were analytical grade.
The fruits of the Cornus officinalis were purchased from local drugstore (Jiangsu, China). After
being dried at 60 °C for 12 h, the fruits were grinded
by a lap machine and then were screened by a 60
mesh griddle. Twenty grams of dried samples was
firstly degreased with petroleum ether (boiling range:
60–90 °C) in a three-necked flask, and subsequently
pretreated with 80% ethanol twice to remove monosaccharides, oligosaccharides, some colored materials and small molecule materials. Finally, the pretreated samples were separated from the mixed solvent by centrifugation (5,000 g, 5 min) and were dried
until the weights were constant.
The pretreated dried powder was immersed in
citric acid-sodium hydroxide-chlorhydric acid buffer in
a beaker and the sample was then extracted with
complex enzyme (the ratio of pectinase: papain:
cellulase was 1:1:1, the concentration of each enzyme in the buffer was 2.0% at pH 4.0 for 3 h, and the
temperature of the water bath was kept steady at 60
°C. After the pretreatment of complex enzymes, the
materials were extracted by ultrasound and the procedures were that the mixture was exposed to different time at varied ultrasonic power for various extraction temperatures.

124

Chem. Ind. Chem. Eng. Q. 21 (1) 123−130 (2015)

After the extraction, the solution was centrifuged
(5,000 g, 10 min) to collect the supernatant, and the
insoluble residue was treated again for 2 times as
mentioned above. The supernatants were incorporated and concentrated to one-fifth of the initial volume
by a rotary evaporator under vacuum at 50 °C, and
then precipitated by the addition of 95% ethanol to a
final concentration of 80% (V/V), and the precipitates
as crude polysaccharides were collected by centrifugation (5,000 g, 10 min). After being washed three
times with anhydrous ethanol, the precipitate was
dried by freezing dryer. The polysaccharides yield (%)
is calculated as follows:

Polysaccharides yield (%)=
=100

(1)

Polysaccharides content of extraction (g)
Weight of C . officinalis powder (g)

Box–Behnken design and statistical analysis
On the basis of complex enzyme proportion,
RSM was further used to optimize the UAE extraction
conditions of COP. A three-level, three-variable Box-Behnken design (BBD) was applied to determine the
best combination of extraction variables for the yields
of C. officinalis polysaccharides. The range and center point values of three independent variables (Table
1) were based on the results of preliminary experiments.
Table 1. Independent variables and their levels used in the response surface design
Factor level

Independent variable
Extraction temperature (X1 / °C)

–1

0

1

45

50

55

Ultrasound time (X2 / min)

35

40

45

Ultrasound power (X3 / W)

200

300

400

The BBD in the experimental design consists of
fifteen factorial points and three replicates of the
central point (Table 2), the experiments were carried
out in a standard order. The behavior of the system
was explained by the following second degree
polynomial equation:
4

4

i =1

i =1

y = βk 0 +  βki Χi +  βkii Χi 2 +

4



i < j =2

βkij Χi Χj

(2)

where y is the response function,βk0 is an intercept,
βki, βkii and βkij are the coefficients of the linear, quadratic and interactive terms, respectively. Accordingly,
Xi and Xj represent the coded independent variables.
The fitted polynomial equation is expressed as surface and contour plots in order to visualize the relationship between the response and experimental
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Table 2. Response surface central composite design and experimental polysaccharides yield
Extraction temperature, X1 / °C

Ultrasound time, X2 / min

Ultrasound power, X3 / W

COP Yield, %

1

45

35

300

10.23

2

55

35

300

9.889

3

45

45

300

10.274

4

55

45

300

10.208

5

45

40

200

9.548

6

55

40

200

9.658

7

45

40

400

9.977

8

55

40

400

9.537

9

50

35

200

9.438

10

50

45

200

9.856

11

50

35

400

10.12

12

50

45

400

10.032

13

50

40

300

11.242

14

50

40

300

11.209

15

50

40

300

11.165

Run

levels of each factor and to deduce the optimum
conditions [19]. According to the analysis of variance,
the effect and regression coefficients of individual
linear, quadratic and interaction terms were determined. The regression coefficients were then used to
make statistical calculation to generate dimensional
and contour maps from the regression models. Statistica (version 8.0) software was used to analyze the
experimental data. P-values of less than 0.05 were
considered to be statistically significant.
Antioxidant activity assay
The DPPH·radical scavenging activity was
assayed by the method of Blois (1958) [20] with some
modification. DPPH·radical was dissolved in ethanol
(0.2 mM). Samples of each fraction (1 ml; 0.2, 0.4,
0.6, 0.8 and 1 mg/ml concentration) in distilled water
were added to 1 ml of 0.2 mM DPPH ethanol solution.
The liquids were kept in dark at room temperature for
30 min after vibration, and the absorbance was
measured at 517 nm. Ascorbic acid (vitamin C, Vc)
was used as positive standard. The scavenging activity of DPPH· radical scavenging was expressed as:

Scavenging rate = 100(1−

A1 − A 3
)
A2

(3)

where A1 is the absorbance of the reaction solution,
A3 is the absorbance of the solution including 1 ml of
sample and 1 ml of ethanol, and A2 is the absorbance
of the solution including 1 ml of DPPH and 1 ml of
ethanol.

RESULTS AND DISCUSSION
Effects of ultrasound extraction temperature on
COP yield
The increase of the polysaccharides diffusion
coefficient and the enhanced solubility of the polysaccharides in the extracting solutions at higher temperatures caused the increase of the polysaccharides
mass going out from the feedstock into the solution
[21]. In order to study the effect of extraction temperature on the yield of polysaccharides, extraction processes were carried out by using different extraction
temperatures of 35, 40, 45, 50, 55 and 60 °C while
the other extraction conditions were: ultrasound time
35 min, pH 4.0 and ultrasound power 250 W. Results
of the effect of ultrasound extraction temperature on
the COP yield were shown in Figure 1a. The yield of
polysaccharides increased when extraction temperature increased from 30 to 50 °C. The possible
reason for this result may be that the complex effects
of the following two aspects: firstly, higher temperature could enhance the mass transfer and accelerate
the extraction speed; secondly, higher temperatures
could decrease the viscosity and density of the extraction solution, and allow better penetration of matrix
particles, resulting higher extraction yield of COP at
higher temperature. However, the COP yield was gradually decreased when the extraction temperature
was over 50 °C. As shown in Figure 1a, the maximum
yield (10.2%) of polysaccharides was observed when
extraction temperature was 50 °C, thus extraction
temperature of 50 °C was considered to be optimal in
this experiment. The possible reason for this pheno-
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Figure 1. Effects of ultrasound extraction temperature (a), ultrasound time (b) and ultrasound power (c) on extraction yield of COP.

menon may be that the COP suffered from thermal
degradation.

raction yield. Thus, the ultrasound power of 300 W
was the optimum ultrasound power.

Effects of ultrasound time on COP yield

Optimization of UAE extraction parameters by RSM

Longer ultrasound extraction time usually presents a positive effect on the yield of polysaccharides
[22]. The extraction yield of COP affected by ultrasound time is shown in Figure 1b, when the other
three factors (extraction temperature 50 °C, pH and
ultrasound power 250 W) were fixed at 2%, 4.0 and
60 °C, respectively. It showed that the extraction yield
increased during the initial 40 min, after this point, the
extraction yield of polysaccharides started to maintain
a dynamic equilibrium with the increasing of the extraction time, and no longer increased when the extraction time exceeded 40 min (Figure 1b). This phenomenon maybe due to that part of the polysaccharide was hydrolyzed under ultrasonic waves at
long extraction time. The results indicated that 40 min
was enough to obtain the polysaccharides production.
Therefore, extraction time of 40 min was adopted in
the present work.

Statistical analysis and the model fitting

Effects of ultrasound power on COP yield
The effect of different ultrasonic power on COP
yield was showed in Figure 1c with the other extraction conditions were fixed as follows: ultrasound
time 40 min, pH 4.0 and extraction temperature 50
°C. The results showed that with the increase of the
ultrasound power from 200 to 300 W, the COP yield
increased from low to high, the maximum COP yield
was got when extraction power was 300 W, and then
decreased when the extraction power was over 300
W. The effect of ultrasonic on extraction was due to
the vibration occurring at the interfaces between the
solutions and solid matrix caused by an ultrasonic
wave. A larger yield of polysaccharides occurred with
the stronger extraction power at the early period, at
the same time, high extraction power may cause COP
aggregation, viscosity decrease and chemical decomposition, which would result in a decrease of the ext-
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A regression analysis (Table 3) was executed to
fit mathematical equation models to the experimental
data aiming at an optimum region for the responses
value studied. The results of analysis of Variance
(ANOVA), goodness-of-fit and the adequacy of the
equation models were summarized. The values of
regression coefficients were computed, predicted
response, Y, for the yield of COP could be expressed
by the following second order polynomial model equation according to coded values:

Y = −88.6119 + 2.4272 X 1 + 1.3535 X 2 + 0.0797 X 3 −
−0.0247 X 12 − 0.0175 X 2 2 − 0.0001X 3 2 +

(4)

+0.0028 X 1X 2 − 0.0003 X 1X 3 − 0.0003 X 2 X 3

where Y is the yield of COP (%), and X1, X2 and X3
are the coded variables for extraction temperature,
ultrasound time and ultrasound power, respectively.
By prediction of computing program (Statistica
8.0), the optimal conditions for the highest yield of
COP were as follows: extraction temperature 49.6 °C,
ultrasound time 40.41 min, and ultrasound power
308.07 W. Under the optimal conditions, the predicted
value of yield of COP was 11.21%.
The statistical significance of the regression
model was checked by F-test and p-value, and the
analysis of variance (ANOVA) for the response surface quadratic model is shown in Table 3. The
p-values were applied for a method to examine the
significance of every coefficient, and the smaller the
p-value the more significant the corresponding coefficient was [23]. The value of the regression coefficient (R2 = 0.99176) showed a good fit to the model
and indicated that only 0.824% of the total variations
were not explained by the model. Further, the value of
the adjusted regression coefficient (adjusted R2 =
= 0.97691) also confirmed that this model was very
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Table 3. Estimated regression model of relationship between response variables (Y) and independent variables (X1, X2 and X3)
Factor

SS

df

MS

F

P

X1

0.067896

1

0.067896

45.497

0.021281

X12

1.411512

1

1.411512

945.843

0.001056

X2

0.060031

1

0.060031

40.226

0.023969

2
2

0.704444

1

0.704444

472.042

0.002112

X3

0.169944

1

0.169944

113.878

0.008667

X32

3.037752

1

3.037752

2035.572

0.000491

X1X2

0.018906

1

0.018906

12.669

0.070668

X1X3

0.075625

1

0.075625

50.676

0.019168

X2X3

0.064009

1

0.064009

42.892

0.022530

Lack of fit

0.038690

3

0.012897

8.642

0.105481

X

significant. The lack of fit indicates the failure of the
regression equation model to represent the data in
the experimental region at points that are not included
in the regression. As shown in Table 3, the p-value of
the lack of fit were 0.105481, which implied that it was
not significant relative to the pure error and indicated
that the model equation was adequate for predicting
the yield of COP under any combination of the factors
values.
It can be seen from Table 3 that the linear
coefficients (X1, X2 and X3), a quadratic coefficient
(X12, X22 and X32) and cross product coefficient (X1X3,
X2X3) were significant, with small p-values (p < 0.03).
The other coefficients (X1X2) were insignificant (p >
> 0.05). Results indicated that the extraction temperature, ultrasound time and ultrasound power were all
significantly correlated with the yield of COP. Meanwhile, the ultrasound power (X3) was the major factor
affecting the yield of COP. The three-dimensional and
contour map was made by model filled Eq. (4) to predict the relationships between the independent factors
(X1, X2 and X3) and the dependent factors (Y).

Analysis of response surface and verification of
predictive model
The maps of response surfaces were plotted by
Statistica 8.0 to investigate the effects of various
parameters and their interactions on the yield of COP.
The 3D response surface and 2D contour plots are
the graphical representations of regression equation.
It provided a method to visualize the relationship
between responses and experimental values of each
factor and the type of interactions between two factors. The shapes of the contour plots, circular or elliptical, suggest whether the mutual interactions between
the variables are significant. Circular contour plot indicates that the interactions between the corresponding
variables are negligible, while elliptical contour plot
indicates that the interactions between the corres-

ponding variables are significant [24]. The results of
the yield of COP affected by extraction temperature,
ultrasound time and ultrasound power are showed in
Figure 2. These types of plots show effects of two
variables on the response at a time and the other
variable was kept at level zero.
The suitability of the model equation for predicting the optimum response values was further
tested by using the selected optimal conditions.
Through prediction by this built model, the maximum
predicted yield (11.218%) of COP were extraction
temperature 49.6 °C, ultrasound time 40.41 min, and
ultrasound power 308.07 W (Table 4). Under the
optimal conditions, the predicted value of yield of
COP was 11.21%. However, due to the operation
limit, ultrasound time was set to be 41 min, the extraction temperature was set to be 50 °C and ultrasound power was set to be 308 W. A mean value of
11.02±0.41% (N = 3), obtained from real experiments,
demonstrated the validation of the RSM model, indicating that the model was adequate for the extraction
process. The results of analysis indicated that the
three groups of experimental values were in good
agreement with the predicted one, and also suggested that the model of Eq. (2) was satisfactory and
accurate.
In our previous study, we have studied EAE of
polysaccharides from the fruit of C. officinalis, which
focused on optimizing the compound-enzymatic extraction process of polysaccharides from the fruit of C.
officinalis. However, the COP yield by EAE was not
very high. We developed a new extraction technology
in this study. The ultrasonic-enhanced compoundenzymes-assisted extraction of COP was studied to
obtain an effective method for higher COP yield. The
main objective of this research was to study the effect
of ultrasound conditions (ultrasound extraction temperature, ultrasound time and ultrasound power) on the
extraction of COP on the basis of enzyme treatment,
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Figure 2. Response surface (3-D) and contour plots showing the effect of the extraction temperature and ultrasound time on the
response Y (a); Response surface (3-D) and contour plots showing the effect of the extraction temperature and ultrasound power
on the response Y (b); Response surface (3-D) and contour plots showing the effect of the ultrasound time
and ultrasound power on the response Y (c).
Table 4. Predicted and experimental values of the responses at optimum conditions
Extraction temperature, °C

Ultrasound time, min

Ultrasound power, W

The yield of COP, %

Optimum

49.6

40.41

308.07

11.21 (predicted)

Modified

50

41

308

11.02±0.41 (actual)

Conditions

a

a

Mean ± standard deviation (N = 3)

and the DPPH radical scavenging activity of COP
extracted by this method was also studied.
DPPH·radical scavenging activity of COP
The antioxidant activities of the crude COP were
determined by DPPH· radical scavenging activity and
results are presented in Figure 3. The crude COP
showed good antioxidant capacity and concentration-
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dependent DPPH·radical scavenging activity was
observed. On basis of concentration, the DPPH radical scavenging activity of crude COP was stronger
than that of VC, which indicated that the crude COP
was a good radical scavenger. The scavenging effect
increased with the increase of concentration up to 1.0
mg/mL. When the COP concentrations were 0.2–1.0
mg/mL, the scavenging ability of COP on DPPH·

Q. YOU et al.: ENHANCED COMPOUND-ENZYMES-ASSISTED EXTRACTION…

radical was 22–56%. At the concentration of 1.0
mg/mL, the COP was observed to possess high free
radical scavenging activity and the scavenging value
was about 56%. The mechanism of DPPH·radical
scavenging activity is possibly based on the reduction
of DPPH·to DPPH-H in the presence of a hydrogendonating antioxidant, leading to the fading of purple
color and therefore inhibiting the propagation of oxidizing reaction [25]. It has been reported that glutathione, cysteine, ascorbic acid, tocopherol, polyhydroxy aromatic compounds and aromatic amines could
reduce and decolorize DPPH·by their hydrogen donating ability [26]. The results mentioned above implied
that COP might act as electron or hydrogen donator
to scavenge DPPH·.
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ULTRAZVUČNA ENZIMSKA EKSTRAKCIJA
POLISAHARIDA IZ Cornus officinalis
U radu je metodom odzivne površine (RSM) optimizovana ultrazvučna enzimska ekstrakcija polisaharida iz voća Cornus officinalis. Ispitan je uticaj tri različita faktora na prinos
polisaharida iz C. officinalis (COP). Rezultati pokazuju da su optimalni uslovi kada je temperature ekstrakcije 49,6 °C, vreme ekstrakcije 40,41 min i snaga ultrazvuka od 308,07 W.
Dobijeni eksperimentalni podaci su fitovani jednačinom polinoma drugog reda pomoću
višestruke regresione analize i analizirani metodom analize varijansi (ANOVA). 3-D grafik
odzivne površine je dobijen na osnovu matematičkih modela koji su primenjeni za određivanje optimalnih uslova. Pri modifikovanim uslovima eksperimentalni prinos polisaharida
je 11,02±0,41%, što je u dobroj saglasnosti sa vrednostima koje predviđa model. Nađena
je da COP dobijen ultrazvučnom enzimskom ekstrakcijom pokazuje dobru antioksidativnu
aktivnost na stabilne 2,2-difenil-1-pikrilhidrazil (DPPH) radikale.
Ključne reči: ultrazvučna enzimska ekstrakcija, Cornus officinalis, metoda odzivnih površina, polisaharidi iz C. officinalis, analiza varijanse.
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THE POTENTIAL APPLICATION OF FUNGUS
Trichoderma harzianum RIFAI IN
BIODEGRADATION OF DETERGENT
AND INDUSTRY
Article Highlights
• T. harzianum isolated from industrial wastewater was tested to biodegradation of detergent
• Chemical and biochemical parameters examined during fungal growth in submerged
fermentation
• The fungus decomposed 74.24% of detergent during 16 days which was confirmed by
MBAS assay
• Alkaline protease activity in presence of detergent was enhanced by 128% compared
to control
Abstract

The potential application of fungus Trichoderma harzianum Rifai in biodegradation of commercial detergent (Merix, Henkel, Serbia) was the focus of this
study. The fungus was isolated from wastewater samples of the Rasina River,
downstream from where the industrial wastewaters of the plant Henkel (Kruševac, Serbia) discharge into the river. The fungus was cultivated in liquid
growth medium by Czapek with addition of detergent at a concentration of
0.3% during 16 days. Analysis of fermentation broth evaluated the chemical
and biochemical changes of pH, redox potential, activity of alkaline and acid
invertase as well as activity of alkaline protease. In addition, the influence of
detergent on fungal growth and total dry weight biomass was determined. At
the same time, detergent disappearance in terms of methylene blue active
substances in the medium was measured. The detergent at a concentration of
0.3% influenced significant decrease of pH value and increase of redox potential. The detergent showed inhibitory effect on acid invertase activity and
stimulatory effect on alkaline invertase and protease activity. The fungus
decomposed about 74.24% of tested detergent during 16 days, but total dry
weight biomass reduced about 20% in relation to control.
Keywords: alkaline protease activity, invertase activity, biomass, biodegradation, pH, redox potential.

Detergents are very widely used in both industrial and domestic premises like soaps and detergents
to wash vehicles, in pesticide formulations and for
dispersing oil spills at sea [1]. Consequently, a large
quantity of detergent can be expected in the environment. The major entry point into water is via sewage
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works into surface water. The toxic effects of surfactants are well studied. The ability of surfactants to
absorb and penetrate into cell membranes of aquatic
organisms determined the degree of surfactants toxicity [2]. The effect of surfactants on bacteria reflects
in the inhibition of cell proliferation, and reducing the
degradation ability of PAHs (polycyclic aromatic hydrocarbons). Toxic molecules of surfactant induce
apoptosis or necrosis of cells, depending on the concentration of surfactants. The toxicity of surfactants
depends on their molecular structure. Generally, nonionic surfactants are less toxic than the ionic surfactants. According to the literature, the anionic surf-
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actants have a toxic effect on a variety of aquatic
organisms in concentrations below 0.0025 mg L-1 [3].
Many researchers revealed that the surfactant
changes the conformation of the protein and thus
affect the enzyme activity, stability, and specificity
[4,5]. As a response to the presence of various pollutants that disrupt natural ecosystems, a number of
physical and chemical methods have been developed
for the removal of xenobiotics from the environment
[6]. Using the ability of microorganisms, which are
able to exploit a wide range of compounds as carbon
and energy sources, for the purpose of purification of
the pollutants is referred to as bioremediation and
represents a promising, relatively efficient and very
expensive technology [7]. A large number of species
of microorganisms (bacteria, fungi and algae) has
been identified as capable for biodegradation the organic compounds that have reached the environment
by human action. Filamentous fungi have the potential to grow in the presence of various pollutants,
which are degraded to simpler molecules that can be
used as a carbon and energy source [8]. In addition,
the fungi have a characteristic ability to produce a
large number of extracellular proteins, organic acids
and other secondary metabolites, due to adaptation to
changing environmental conditions. Recently, it was
confirmed that M. racemosus can degrade a high concentration of commercial detergent (0.5%) [9],
whereas P. chrysogenum can degrade lower detergent concentration (0.3%) [10].
Trichoderma spp. are common saprophytic fungi
that are interactive in soil, root and foliar environments. They are well-known biocontrol agents and
also have considerable metabolic diversity [11]. They
are recognizable for degradation of chitin, glucans,
lignin and cellulose [12]. Trichoderma harzianum can
degrade various organic compounds such as DDT
(dichlorodiphenyltrichloroethane), dieldrin, endosulfan, PCNB (pentachlororonitrobenzene) and PCP
(pentachlorophenol) [13]. Therefore, Trichoderma
strains play an important role in the bioremediation of
soil contaminated with pesticides, herbicides and
insecticides. Data about the proteolytic enzyme profiles of Trichoderma strains revealed that the protease
system of Trichoderma is complex containing a large
set of enzymes. Some of these proteases are
involved in the mycoparasitic action, nematicidal activity and plant colonization. However, only a few
Trichoderma proteases have been examined until
now for their potential applicability for commercial purposes.
There is no published data related to testing the
ability of detergent biodegradation by T. harzianum.
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Therefore, the aim of this study was to investigate the
ability of T. harzianum to degrade of commercial
detergent, which is very significant water pollutant, in
the purpose of its potential use in bioremediation. In
addition, the influence of detergent on the growth,
protease and invertase activity of fungus was in the
focus of this research, in order to investigate the
potential use of the enzymes produced by the fungus
in biotechnology and detergent industry.
EXPERIMENTAL
Isolation and identification of Trichoderma harzianum
Rifai
The selected fungus species was originated
from wastewater samples of the Rasina River, downstream where the industrial wastewaters of factory
Henkel (Kruševac, Serbia) discharge into river.
Sample of wastewater was taken in late May 2010.
The identification of fungus T. harzianum Rifai was
based primarily on the macroscopic and microscopic
morphology and was carried out by systematic key.
The fungus was maintained on potato-dextrose-agar
(PDA) slant grown at 30 °C, stored at 4±0.5 °C, and
sub-cultured monthly in sterile conditions.
Fermentation conditions
During the experiment, the fungus was cultivated in the sterile modified Czapek Dox liquid medium of the following composition (g L-1): NaNO3-3,
K2HPO4-1, MgSO4·7H2O-0.25, FeSO4·7H2O-0.01,
sucrose-30, distilled water up to1000 mL (control-C)
and the same medium with additional 3 g of detergent
to obtain concentration of 0.3% (medium D3).
Erlenmeyer flasks with liquid growth medium
(200 mL of medium in 250 mL flask) were sterilized at
121 °C for 20 min (autoclave pressure, 0.14 MPa).
The pH control was adjusted before sterilization about
4.70 with 1 mol L-1 HCl. After addition of detergent to
liquid growth medium pH value of medium was measured again.
Inoculation and sampling
One positive control without detergent with
spores, one test flask with detergent and with spores
and one negative control with detergent but without
spores were used in this experiment. Inoculation of
media was occurred with 2 mL spore suspension
(5×106 conidia mL-1). Erlenmeyer flasks in three replicates were placed on an electric shaker (Kinetor-m,
Ljubljana) thus enabling uniform and constant mixing.
All experiments were carried out at room temperature,
under alternate light and dark for 16 days. Sampling
was started three days after inoculation and repeated
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every third day until the end of the experiment. Mycelium was removed by filtration through Whatman filter
paper No. 1. Filtrate was harvested by centrifugation
at 10000g for 10 min (4 °C) and the supernatant was
used as crude enzyme extract.
Measurement of pH and redox potential
pH and redox potential were measured by digital
electric pH meter (PHS-3BW Microprocessor
pH/mV/temperature meter) type of Bante with glass
electrode model 65-1.
Determination of dry weight biomass
The dry weight biomass of the mycelia was
determined according to procedure as described in
our previous work [9].

Assays of alkaline protease activity (EC 3.4.21-24)
Activity of alkaline protease was determined
spectrophotometrically by Anson’s method, with casein as substrate [16]. Reaction mixture incubated at
37 °C for 10 min and arrested by addition of 1 mL 5%
trichloroacetic acid (TCA). The mixture was centrifuged at 4000g min-1 and to the supernatant 5 mL of
6% Na2CO3 and 1mL diluted Folin-Ciocalteu’s phenol
reagent were added. The resulting solution was incubated at room temperature for 30 min and absorbance of the blue color developed was read at 660
nm using tyrosine standard. One unit enzyme activity
(IU) was defined as the amount of enzyme that
liberated 1 µg of tyrosine from casein per minute
under assay condition.
Statistical analysis

Determination of anionic surfactant and
biodegradation rate
The concentration of anionic surfactant was
determined by spectrophotometric methods using
methylene blue. The method for determining the concentration of methylene blue-active substance (MBAS)
in the detergents was adapted from Standard Methods
for the Examination of Water and Wastewater [14] as
described in our previous work [9]. The percentage of
degradation was then calculated as:

Degradation = 100 −
−100[( A 625 exp - A 625 blank) / A 625 std]
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(1)

where A625 exp is the absorbance of test sample,
A625 blank is the absorbance of blank sample and
A625 std is the absorbance of standard sample at 625
nm.
Assays of acid and alkaline invertase activity (EC
3.2.1.26)
Alkaline invertase activity was assayed in a
reaction mixture that consisted of 0.06 mol·L-1 sucrose, 0.02 mol·L-1 citrate buffer (pH 8.0) and 300 µL of
enzyme solution, in a final volume of 1 mL. The
mixture was incubated at 37 ºC for 30 min. The reaction mixture for acid invertase activity contained the
same components, except that citrate buffer was replaced with 0.1 mol·L-1 sodium acetate buffer (pH 4.5).
The reaction mixture was incubated at 55 °C for 30
min. The amount of reducing sugar liberated was
determined spectrophotometrically at 410 nm, by the
method of Somogyi–Nelson [15]. One unit of invertase
activity (IU) was defined as the amount of enzyme
that catalyzed the production of 1 µmol of glucose per
min at 37 °C.

All experiments were performed in triplicate and
results were expressed as means ± standard deviation. For statistical analysis, were used the following
tests: Mann-Whitney, Kruskal-Wallis and test for correlation coefficient by SPSS (Chicago, IL) statistical
software package (SPSS for Windows, ver. XIII,
2004). Coefficient of correlation was tested at the
level of significance 0.05 and 0.01.
RESULTS AND DISCUSSION
The growth of fungi is conditioned by numerous
factors: pH, aeration, temperature, chemicals, etc.
Czapek-Dox medium has good properties for growth
and high biomass production of the most fungi
[17,18]. The presence of detergent in the culture
medium affects the fungal biomass production
according to the type of detergent, fungi species and
the applied concentration, due to the influence of
detergent on the growth and total dry weight biomass
of fungus T. harzianum Rifai investigated in this
study, as shown in Figure 1.
Our results showed that the fungus cultivated in
the control medium (C) had a monophasic exponential growth from the inoculation until the 6th day.
From the 6th day to 9th day, there was stationary
phase when the maximal dry weight of biomass was
achieved. After stationary phase, autolysis and reduction of biomass began on the 12th day. These results are in accordance with results of other authors
[19,20]. The same fungus cultivated in medium with
0.3% detergent (D3), showed biphasic exponential
growth with distinct two stationary phases and the
absence of autolysis. The early phase of fungal
growth was manifested from the inoculation until 3rd
day followed by the first stationary phase (from 3rd to
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6th day). Exponential growth of fungus was continued
from the 6th day to the 9th day, when statistically significant increase of biomass was observed. The second stationary phase began on the 9th day and lasted
until the 16th day, when a maximal dry weight biomass
was obtained. However, the dry weight of biomass
was slightly lower in a medium D3 (1.015 g L-1) in
comparison to C medium (1.269 g L-1) on the 16th day.
The detergent added in growth medium in concentration of 0.3% inhibited about 20% of the dry weight
biomass of T. harzianum, probably due to toxic
effects some degradation products on fungal growth.
It is well known that detergent has inhibitory effect on
enzymes involve in key metabolic pathways. Also,
physico-chemical interactions between surfactants
and fungal structures such as membranes and walls
influence on fungal growth [21]. Many investigations
confirm growth inhibition by the anionic surfactant,
SDS [22]. The results obtained in this study agree
with the results of some researchers and our results
obtained for P. chrysogenum, but are contrary to
results obtained for M. racemosus. Czapek Dox liquid
medium with addition of detergent at concentration of
0.5% strongly stimulated of total biomass production
of M. racemosus in the same experimental conditions.
Since both M. racemosus and T. harzianum were isolated from the same locality, it would be expected that
both species successfully break down detergent at
concentrations of 0.5%. However, this concentration
of detergent expressed a fungicide effect on T. harzianum. It is obvious that the differences in ability of
biodegradation of detergent can be attributed to
morpho-physiological differences of fungi.

Figure 1. Display of growth and total dry weight biomass of
fungus Trichoderma harzianum Rifai cultivated in C (control
medium) and D3 (medium with 0.3% detergent) during
experimental period.
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The biodegradation rate of tested detergent by

T. harzianum is shown in Figure 2. The percentage of
biodegradation of detergent was examined in inoculated medium with detergent (D3) during the experimental period. Non-inoculated medium with detergent
(ncD3) was used as the negative control and showed
that the tested detergent was chemically stable in the
experimental conditions. The initial concentration of
detergent in the medium D3 decreased continuously
with the growth and development of the mycelium, so
it reduced from 3 to 0.811 mg mL-1 for 16 days. The
fungus decomposed 74.27% of the total detergent
concentration in the medium at the end of the experimental period. During the first 3 days of the fungal
growth, it degraded 17.01% of detergent whereas in
the period from the 3rd day until the 6th day the fungus
degraded total 25.62% of detergent. A significant
increase of the biodegradation rate observed in the
exponential growth phase, from the 6th day to the 9th
day, during which the fungus degraded total 62.23%
of tested detergent. The biodegradation rate was very
slightly increasing with aging of fungus and ranged in
the next direction: from the 9th day to the 12th day it
was 65.87%; from the 12th day to the 16th day
74.27%. A very high correlation coefficient was found
between biodegradation rate and biomass (r = 0.999,
p < 0.01) as well as between duration of experiment
and biodegradation rate (r = 0.936, p < 0.05). These
results are agreement with results of some authors
who confirmed that degradation rate of surfactant is
concomitants with cellular growth [23]. The tested
detergent contains about 20% anionic surfactant,
which is confirmed by MBAS assay. When the concentration of anionic surfactant was expressed in μg
mL-1 it was obtained that initial concentration of
anionic surfactant was 600 μg mL-1. Based on these
results, fungus decomposed 454.6 μg mL-1 anionic
surfactant of detergent at the end of the experimental
period. From the equation of regression curve (y =
= 4.898x + 2.600), it would be predicted that the
fungus will remove 80% of parent anionic surfactant
of tested detergent in these experimental conditions
for 16.8 days. This result is very similar to result
obtained in biodegradation test by M. racemosus in
the same conditions [9]. However, in the literature can
be found very little data about biodegradation of
detergent by fungi, in contrast to bacteria, which are
well studied as test organisms. Jerabkova et al. [24]
revealed that Pseudomonas cultures in continuous
bioreactors decomposed 70% of anionic surfactant
after 20 days; whereas Schleheck et al. [25] revealed
that Citrobacter spp. have ability to degrade over 90%
of anionic surfactant after 35 h of growth. Results of
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Hosseini et al. [26] showed that Acinetobacter johnsoni strains could utilize 94% of the original SDS
levels after 5 days. It is important to point out that the
biodegradation percentage observed by mention bacterial strains is far better than achieved in this study
but the concentration tested in this study was far
higher. In addition, the commercial detergent used in
this study is very complex and thus any individual
component can interfere with biodegradation, whereas
the pure anionic components used for test of biodegradation by mention bacterial strain.
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values of inoculated growth media were changes in
relation to their composition and fungal growth
phases. The significant changes of the pH values of C
medium observed during the phase of exponential
growth of fungus. The pH values of this medium increased during the first 3 days (from 4.80 to 5.40
units), and then decreased in the period from the 3rd
day to the 6th day (from 5.40 to 4.82 units). Insignificant changes of pH values were noted during the stationary phase and autolysis. The pH value of fermentation broth of D3 medium decreased throughout the
experimental period. There was a slight change of pH
value in the initial phase of fungal development, from
inoculation until 3th day. However, the most significant
decreasing of pH value (from 9.05 to 6.07 units) was
observed from the 3th day to the 6th day. High correlation coefficient was found between pH value and
biomass (r = –0.813, p < 0.01).

Figure 2. Percentage of biodegradation of anionic surfactants of
detergent measured in fermentation broth of D3 (medium with
0.3% detergent) compared to negative control (ncD3).

The pH and redox potential values are very
important parameters for regular growth and development, and influence on the morpho-physiological characteristics and biochemical properties of micro-organisms. In addition, it has application in the monitoring
of bioremediation processes. The optimum external
pH for fungal growth is located in acidic range, from
4.5 to 5. Generally, fungi alter the pH of the medium
in which they grow, due to uptake of the anions or
cations in the medium [27,28]. Therefore, the changes
in the pH values of the culture media are a result of
the utilization of nutrients from growth media [29].
The changes of pH values of the fermentation
broth during the growth and development of the
mycelium of T. harzianum from inoculation until the
16th day are shown in Figure 3. The pH value of fermentation broth was measured in the control medium
(C), as well as in inoculated (D3) and non-inoculated
(ncD3) detergent media. The initial pH values media
were 4.75 in C, and 9.35 in D3 (ncD3) media. The pH

Figure 3. pH values of fermentation broth of C (control medium)
and D3 (medium with 0.3% detergent) during fungal growth
compared to negative control (ncD3).

Figure 4 shows that redox potential values of
fermentation broth changed during the growth of
fungus T. harzianum in a control medium (C), as well
as in inoculated detergent medium (D3). A negative
non-inoculated control with detergent (ncD3) was also
tested and during the experimental period, no
changes in its redox potential value were observed.
The initial redox potential values were 340 mV in C
and 80 mV in D3 (ncD3) media. The significant
changes of redox potential observed during the first 6
days of fungal growth in the control medium (C). The
redox potential of this medium decreased rapidly
during the first 3 days (from 340 to 274 mV), but then
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increased in the period from the 3rd day to the 6th day
(from 274 to 290 mV). During the stationary and
autolysis phase, the redox potential values decreased
continuously. The redox potential of D3 medium increased throughout the experiment. The redox potential value increased slightly during the first 6 days,
whereas the significant changes of redox potential
value (from 97 to 292 mV) observed during the exponential growth of the fungus (from 6th day to 9th day).
During stationary phase, the changes of redox potential values were insignificant. High correlation coefficient was found between redox potential value and
biomass (r = –0.675, p < 0.05).
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or insoluble in low ionic strength buffer), optimum pH
(acid or neutral/alkaline) and isoelectric point (pI).
Figure 5 shows the activity of acidic and alkaline
invertase of the fungus T. harzianum during fungal
growth in the control (C) and detergent inoculated
(D3) media. Acid invertase activity (AcI) of fungus
was weak in the initial stage of mycelial growth from
the 3rd day to the 6th day, but then increased rapidly in
C medium during the period from the 6th day to the 9th
day, when it achieved a maximum value (0.08 IU mL-1).
The activity of AcI decreased rapidly followed by a
period from the 9th day to the 12th day, when was totally inhibited in C medium. However, acid invertase
activity was very weak in D3 medium and expressed
only in the phase of growth of the mycelium from the
3rd day to the 6th day. Alkaline invertase activity (AlkI)
in C medium was measured in the early phases of
growth of mycelium, with the maximum achieved on
the 3rd day, but decreasing until the 16th day. In the
medium D3, activity of AlkI was negligible until the 6th
day, and then enzyme activity increased rapidly with
the maximum achieved on the 12th day. The obtained
results confirmed that the activity of these enzymes
depends on the type of media and the stage of fungal
development Therefore, acid invertase activity was
higher than alkaline invertase activity in C medium,
whereas the alkaline invertase activity was higher
than acid invertase activity in D3 medium. Finally, our
results strongly support that fungus can be used for
the commercial preparation of invertase in acid and
alkaline pH conditions.

Figure 4. Redox potential values of fermentation broth of C
(control medium) and D3 (medium with 0.3% detergent) during
fungal growth compared to negative control (ncD3).

Invertase is a key metabolic enzyme that hydrolyzes the disaccharide sucrose to glucose and fructose. This enzyme finds numerous applications in the
food industry. Confectionary’s preference for invert
sugar hovers around its ability to keep the products
fresh and soft for prolonged periods. Soluble invertase is used in the sweet industry for the production of
artificial honey. The presence of sugar (mostly glucose) in the nutrient medium is necessary for the
biodegradation of the surfactant by fungus. The production of invertase from Penicillium sp. and Aspergillus sp. has been reported [30-32]. According to
Poonawalla et al. [33], the fungus P. chrysogenum
has both extracellular and intracellular invertase,
which are distinguished by their subcellular localization (cell wall, vacuole or cytosol), solubility (soluble
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Figure 5. Profile of alkaline and acid invertase activity of
fermentation broth Trichoderma harzianum Rifai cultivated in
C (control medium) and D3 (medium with 0.3% detergent)
during experimental period.
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Alkaline proteases improve the cleaning efficiency of detergents and represent one of the most
successful applications of modern industrial biotechnology [34]. Enzyme stability in the presence of detergent ingredients, such as surfactants, builders and
activated bleach, etc. is crucial for its use in detergent
formulations [35]. The proteolytic activity of different
species filamentous fungi in different growth medium
is well studied. Studies on fungi have shown that, in
most cases, proteolytic activity increases with the
beginning of autolysis, or maximum proteolytic activity
to coincide with the growth phase. Delgado-Jarana et
al. [36] detected several acidic, neutral and basic
extracellular proteases in the case of T. harzianum. A
role of the enzymes produced by the mycoparasitic
fungi Trichoderma in biological control of fungal
pathogens like Botrytis is documented. Recently, extracellular serine protease produced by T. harzianum
originated from a sago industry was isolated [37]. The
protease T. harzianum had optimum pH and temperature of 7.0–8.0 and 50–60 °C, respectively. At 37 °C
and 60 °C, the parental proteases were respectively
stable for 1 day and 15 min. The fungal enzyme
retained maximum residual activity of 64 and 55%
with the commercial detergent Rin Advanced and
Kite, respectively. In the literature, there is much evidence about the effects of anionic surfactants (e.g.
SDS) on enzyme activity of some Bacillus species.
Protease from thermophilic Bacillus sp. retained more
than 80% and 65% of its activity after 30 min incubation at 60 °C in the presence of the detergent brands
Tide® and Cheer®, respectively [20]. The protease
from Bacillus brevis showed compatibility at 60 °C
with commercial detergents such as Ariel®, Surf
Excels®, Surf Ultra® and Rin® in the presence of Ca2+
and glycine. According to Subba Rao et al. [38], in the
presence of 1% strong anionic surfactant SDS, the
enzyme retained 75% of its initial activity.
In this study, proteolytic activity of the fungus T.
harzianum during fungal growth in the control (C) and
detergent inoculated (D3) media observed. The results are shown in Figure 6. The proteolytic activity of
the fermentation broth the fungus T. harzianum in C
medium was expressed only in early phase of mycelial development (3rd day to 6th day), when the maximal enzyme activity was observed (0.274 IU mL-1).
With the beginning of the stationary phase, enzyme
activity rapidly decreased and the lowest activity was
observed during autolysis (12th day). In the medium
D3, proteolytic activity was stimulated by the presence of tested detergent compared to the control.
The maximum enzyme activity was observed at the
end of the first stationary phase and with beginning
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exponential growth phase on the 6th day (0.5943 IU
mL-1) as well as in the second stationary phase on
12th day (0.625 IU mL-1). Minimum proteolytic activity
measured on the 16th day in both types of media. In
brief, tested anionic detergent enhances proteolytic
activity of fungus for 128% in relation to control.
Based on the presented results, the performance of
alkaline protease of fungus T. harzianum is suitable
for potential application as additive in laundry detergent formulations.

Figure 6. Profile of alkaline protease activity of fermentation
broth of Trichoderma harzianum Rifai cultivated in C (control
medium) and D3 (medium with 0.3% detergent) during
experimental period.

CONCLUSION
The presented results indicate that Trichoderma
harzianum Rifai can be characterized as a promising
detergent degrading strain. In applied experimental
conditions, the fungus degraded total 74.24% of
tested commercial detergent or 454.6 μg mL-1 anionic
surfactant of detergent during 16 days. According to
this data, the fungus could be successfully applied in
biological treatment of natural ecosystems, as well as
wastewater treatment plants. The results of the investigation of acid and alkaline invertase activity indicate
that the fungus can be exploited as a source of invertase in acid and alkaline pH conditions. The results
also showed that activity of fungal alkaline protease in
presence of tested detergent was enhanced about
128% compared to control. Therefore, this fungus
species could be used for production of alkaline protease with performance suitable as detergent additive.
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NAUČNI RAD

Potencijalna primena gljive Trichoderma harzianum Rifai u biodegradaciji komercijalnog
detergenta (MERIX, Henkel, Srbija) bila je predment ovog istraživanja. Gljiva je izolovana
iz uzoraka otpadnih voda reke Rasine, nizvodno od mesta gde se industrijske otpadne
vode fabrike Henkel (Kruševac, Srbija) izlivaju u reku. Gljiva je gajena u tečnoj hranljivoj
podlozi po Čapeku sa dodatkom detergenta 0,3% koncentracije, u periodu od 16 dana.
Analizom fermentacione tečnosti ispitivane su hemijske i biohemijske promene: pH, redoks
potencijal, aktivnost alkalne i kisele invertaze i alkalne proteaze. Takođe, ispitivan je uticaj
detergenta na rast gljive i ukupnu suvu biomasu. Istovremeno, smanjenje koncentracije
detergenta u hranljivoj podlozi mereno je MBAS metodom. Detergent 0,3% koncentracije
uticao je na značajno smanjenje pH vrednosti i povećanje redoks potencijala fermentacione tečnosti. Detergent je ispoljio inhibitorno dejstvo na aktivnost kisele invertaze i
stimulativno dejstvo na aktivnost alkalne invertaze i proteaze. Tokom 16-todnevnog eksperimentalnog perioda gljiva je razgradila oko 74,24% testiranog detergenta, a ukupna suva
biomasa bila je redukovana oko 20% u odnosu na kontrolu.
Ključne reči: aktivnost alkalne proteaze, aktivnost invertaze, biomasa, biodegradacija, pH, redoks potencijal.

139

